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PREFACE 


The ctiiTOMon phenomenon has always been ol jtreat concern to engineerinji profession 
especially in Presirc>ssed Concrete Bridges in Marine linvironmcni. Since the onset of the 
nationwide corrosion problems in bridges, a number of field and laboratory invc-stigations on 
corrosion and corrosion proteciioii have been carried out. Keeping this in view, (be Ministry of 
Surl'acc Transport sponsored a Research Scheme on “Supplemcnuiry Studies on Corrasion and 
Corrosion Protection of ITestressed Concrete Bndges in M:innc linvironment". ITic Central 
liicctrochcmical Research Institute, Karaikudi (Tamil Nadu) was cninjsicd with this Research 
Scheme in order to prepare a Statc-of-lhe-Art Report on Comwion and Com>sioii l*roicclK*ii of 
ITcstrcssed Concrete Bridges m Marine Lrivininmcni Accordingly. CDCRJ collected mformalion 
Irtmi vanous sources and xuhiniltcd the Scilc-of-llic-Art Reptirt to Minisliy of Surface Transport, 
llie Kepori receiverl fnim Ministry was placcvl before die Highway Rcxcardt (Rend in its meeting 
lield ill I ^uiuji (Ciua) on die I Kdi June, 10^ vriiich af>|novcd die Report fat priiitiiig suhjeci hi certain 
modincadoiLs. Tliercafter, u Suh^iioup consisting of die following memhcis was cotifttilulerl for 
nitalising the Report' 

1 Shn M.V Sastry 

2. Sliri A.G. Bofkar 

3, .Sliri S A. Reildi 

4 Dr D.N. frikha 

5 r)r, N.S. Rcngtiswamy 

The Suh-Tiniiip finalised die Report during its meeting held on Iblh March, 1995. 

Tlic Scaie-of-die-Art Report is an exhaustive (realise on die suhjcci .ind is an essence of so 
many references listed at the end of cadi aspect. It discu.s.\cs in deuiil faciors leading lo comision 
and dilTercni protective aspects thereon. 

It is hoped iliai the StaicHif-thc-Ari Report would serve as ready reference for die asc of 
piuclising bridge engineers and researchers. 


M.V. Sa.stry 
(Chairman 

(RCI ligbway Research Board) 

lune. 1995 Director General (Road Development). 

New Delhi Mini.stiy of .Surface Transport 

(Raids Wing) 
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I. INTRODUCTION 


Ministj-y of Surface rransport (Roads Wing), New Delhi vide ihcir O.M. No. RW/Nll- 
34015/1/87-lM) II dated 12(Ji October, 1989 had sanctioned a research scheme to the Central 
Electrochemical Research InsututcfCRCBn. Kamikudi on “Hnilgc Resejtrdi Sdicine nft(Pleisc- 
II); I’an 1 • Supplementary Studies on Corrosion aiKt Cinroston F'rotwtkiii of Prejaressed Cruierete 
Bridges in Marine I '.nvironmcnl*'. Under this scheme, the Ministry wanted CPCRl to preptirv a 
Statc-ol-iJie-Art Report on the subject which siwll include; 

(u) riassifiuilion of ihc uvailiiUe lilcniurc 

(hi Irttlruaienidiitv) mcibcWls 

(Ci Comoion moniloriiig Iccluiiquc* 

(li) [ni« Ini fcuggoslirms for inuiicdiiitc upplieulioii, if any 
(c) l>i»!gti of icsicufvh prognunniv 

Accordingly, CECRl started coliccling the available literature information from various 
sources The inctliodology of .approach is schematically .shown in Pig. l.l. 

1.1. l.itemtureSarvev 

laicniuire survey was made by refening to liicabslnicling journals, like, ('Jieinical Abstnicts, 
CoiTOston Abstracts, International Abstracts of Wcrksloffe and Korrosion, Current Titles in 
LlcctrochcmLsiry. (ilobal ('ompuicr ,Scurch was made through liic Dialogue Network of National 
Aeronautical l.aboralory. Bangalore. 

Absiracliiig jouro.'ilsavuil.’ihlc iipto llie piTicxl June, 1990 have been referred to Nearly 650 
rcfcreiicc.s are died in lhi.s report. 

1.2. .luurnaLs Surveyed for Full DelaiLs 

The following jouniuls weie also scanned for detailed iiifotnialinii on ilic subject; 

• Al-1 Jc'iuniiil 

• IX'I JouniAl 

• GTnwioa 

• (iXTOoilon Science 

• British Cumvloii Juunittl 

• Bulleiin of I'lecirochemisliy 

• Tnuivuctiuns of S AEST 

• IndiiintVincreielnurii.-il 

• Werkstotfe und Kononcxi 

• Matrnalv IVaformance 

• Conoctclnlemsilioniil 

• Concrete (bsskai) 

• Indian Uondi CcMigresx Journal 
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MlC* l-l- Mclh<>dotog>'or Approach 

1.3. UeprirtK 

Tlic follnwiiig wm* conuctcd for lljcif rcprirls nn ihe siibjccE 

• HP 

• RIUM 

• AQ 

• HIWA 

• NRS 
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• NTTS 

• US Anny Corp> of liiigincrr^ 

1 , 4 . ('lamificatlon 

) he uvailiihle iiirimiuiiiuii wa.s clavVificd under five major headings, viz.. 

(xi) (Kiudiex oi corrosion tailurcs 

(b) Oificnrnl rurnis of currosjuii and fuclom innuciicitig corroskm 

(c) Monitoring a.^pocts 

(d) t¥o(cctivc iupccts 

(c) Repair and rehabililalion 

liach major heading has been lunher sub-clnssiiicd 

Under each heading, Ihc work carried oul by ClirRI has been sepHralciy dcall widi. At the 
end ol eiKTh major .Aspect, the taiKnl concluxinns drawn fntm the uvaibhlc literature iitfrffiuation 
h.ss been included 

Case studies include failures of post-tciisioncd concrete and preiensioned concrete bridges, 
ground anchoragc.s storage tanks, pipelines, etc. 

Stress conosion crackiDg. pining corrosion, aunosphcnc oxrosiun, smiy ciim-.nt airrosion, 
etc. are covered under lontis of corrosion. 

Under facton influencing corrosion ol prcslrr.'ismg steel, water cement ratio, effect of crodts, 
cover, cunng practicc,s. effect of clilonde, etc. leive been coLsidcred. 

72 diffcmnii tecliniques liave been desuibed under inonituriiig aspects. However, it Is seen 
that no fool-proof non-destructive technic|ue is available to monitor die corrosion ol prestressing 
steel. 


lYotccUvc aspects include coating to presircssmg steel, anchorage protection, grouting 
practice, protection by grease, coating for concrete surface, admixtures, cathodic protcciion and 
alletnative maietials. 

1,5. Sumnwry and Conclusion 

Impoitani corK'lusioas licit can lx: drawn fnxu llie SUiie>of-An-Rcporl have been sununarLsed 
in a separate Chapter 

l.ft. .Scope for further Research 

I lie exisitmg gap in our knowledge has been idcniilicd and future R&U approach to the 
fHolilcin is highliglucd. 
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2. CASK STUDIES OF CORROSION FAILURES 

2.1.1’ust-TcusiumHl Concrete llfidp.n> 

2.1.1. Short-term fnlliiras (fAllure time* fewr dayn to feet months) 

C«se-I: Krazil (IV57) 

l-:ulurc or 247 prcsiicssing rods of a louiJ of 2S2 occurred within 10 days of ten.siontng'. 
Tlic strcvi ap)>licd was I5U ksi. 

Kepirned cause of tatluic was (lx: libcnuton of hydrogen sulpliidc Iroin a muturo of sulpliur. 
I.’iinp bhick, kaolin and motor oil used diinng bridge coasiniction by (he reaction of sulphur with 
liydroc.'irbons in oil (o from H.S with .SO, and SO, formed by oxidation. 

t Netherhinds (l964-(i5) 

ISisi-leiLsiixicd wires in a concrete bridge failed within few days of I per cenL Nu^CX), being 
added to accelc'raic luirdcning of ponland cement groul\ 

The failure was attributed to hydaigcn embrittlement resulting from on electrolytic cell 
between die uJuminiiim trumpet and mild steel duct which wax active in the ptx*sciicc of sodium 
cuitHxiaic. Small amounts (0.05 per cent) ol sulfides prevent in the grout served as poison. 


Casc-3: USA 


failures ol prestressing wires even during the lime ol ten-sioning have been reported by 
('alifoniia Oiviston ol 1 lighways'. fhough, complete report on failure tinaly.sis i.s not available, 
lltc following were reported to be the rciisons lor failure; (i) win» wen: lensioncil but not grouted 
for several weeks and longer, (ii)expoH:d to climate that liasconxiihiT.'ihlc night and morning log 
and were near refineries. Moist air aud ll^.S were believed to he llie reasons for failure. 

Ciuic-4: Knglund 

Nine out of 240. .^0 mm .Macallny high vuength bars tailed within days alter stresstng^ 
riHiugli, galvoni/ing wus reported to reduce tlx: hydrogen etnhriitlerneiit. cracking of galvanized 
Uiycr during working nnd tninsporting limd to cmbriiilcmcni. 

C^rtse-S: Austria (1952) 

I leal treated wires in u presut-wd concrete bndge failed several days aflcr they leid been 
stressed'. 

CaMi-6; MLsxbcsippi. USA (19}M) 

lAist-ieasiuoing system was installed on the Old Klvcrf .'ontrol Auxllliary Structure A.STM- 
A-722 bars were initially stressed to 75 percent of UTS. Alter tensirming. the tundoas were Icli 
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luigniiiti-d foi d montlL, after which relaxation of load occurred. I he tendons were jacked to acUnevc 
lire original load. I 'ollowing grouting. 4 of the H4 tendtws failed on lire .s.xiiie day^ 

(-'allure analysis showed tliat tire reason for fatlnre was eiivuoniireuial assLsunl cracking. 

( 'u.s«-7<Mid IUMIk) 

f^liirc of posi-iensioned rods wliich were used ungrouted as temporary tendons in u concrete 
rioaiing tniilge over sea water, occurred within a period of 2 months. Severe munne environment 
was found to he the reason for the failure^'. 




I ixiscning ol prestrcs.sing liMulon occurred in 2 moiillls in ttie ease of a floating bridge over 
suiw.-iter The failure was altnbilled to SCr dire to siiven: inariiie enviioiunenf 

l.'asrr ‘f: l?aliriirnia, LISA (l‘>(»Os) 

A ninniret of post lensioning wires failed during a highway bridge constniciion after a few 
montlis''. 'flic stress applied was 160 ksi. The failure was ascribed to defects in wires raising stress 
intensity above tlireshold in cement bleed water containing sulphates and chlondcs. 

Case-10: USA (1961) 

l-ailure of posi-tcnsioncd tendons occurred in 6 months alter the opening of the bridge to 
uultic. due to severe pitting* '^'. Mavsivc collapse failure occurred involving 34 wires of a40 wire 
bundle at (be end of 4 years. 

2.1.2. Medium term failures (I year to 5 years) 

Case-ll: India(T9K2) 

A 2 km long prestressed ciHicrele bridge .sluiwcd signs of corrosion from lire .second year 
of its MTvice". 10 years after eoiisiniclioii. investigations sliowcd severe conosion of pfestressed 
wiles. It was found that the agjticssivc cnviroiuncnt, chloride conuuntnoiion of concrete and dro{> 
in alkalinity of guniie (u.sed for repair) were responsible for corrosion. 

Cose-12: 

l-ailure of about 34 prcsircssing wires took place in 4 years tn lire case ofa Hooting bridge 
over sea water’. 

('jise-I.t: 

Failure of pri:slu*A.siiig wires ireemred iii S years, requiting icpiacemcnl of tendons. It wus 
found lluit there was tui bonding of stinctiue to concrete pier face, giving walct accessibility to 
tendon'. 
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eras*!-14: SwiUvrliiiM] (1976) 

A Ixidjie collapsed due (o failure of anebored abuunent in 5 years of iscrvicc. Inspire of 
cemcni grout cover In fixed length of the anchorage and polyethylene slicatluxl strands in ficc 
length with asphalt filltng. severe corrosion occurred. Tcndrins wctc exposed loaggnssivc gnMiiui 
water containing xnlpiiides iukI diiorides in die fill soil. Aggressive co viroonicul, poor construclioii 
and inade(|uate grouting were die reasons for the failure'^”. 

2.1.3. I .ong-term failures (beyond 5 years) 

Case-IS 

(!onusion of prestressing steel in the cose of a bridge in a semi-desert environment occurred 
in 6 years after construction^ Mixing of .seawater in concrete was attributed to be the reason for 
corrosion. 

C«se-16 

In the case of an overpass longitudinal craclcing tn bottom Mange ocoined in 7 yctus because 
of poor gnuiting^. Snpcrfiiial rusting was notievd and irjcking ikcuttuI heiausc of hvc/ing water. 

('as«-I7 

PiesUessnig leiuiiMLS of 32 inui dia failed in 8 yeais in a irridge over seawatci’. .Spading of 
coiHTide (cover 2‘) .and com^sioii of xlimips were noticed 

Case-18: USA (1977) 

Host-icnsioncd girdcraol a viaduct .showed sighs oi corrosion in 13-15 years of service'*. 
I cndons laded due to corrosion and fracture ol tendons occurred without reduction in cross- 
.scction In spite of groulmg and gnvi.sing, corrosion occurred in tendons and anchorage rones. 

Cilsk-19 

(rorrusion occurred in ubumicni .spans of a bridge over seawater in 14 years. Spalling of 
concrete due to coiro.sion wa.s observed'. 


Cusc-IM 


Corrosion of prestrcs.sing steel was observed in a bridge over seawater in 15 ycara’, Ihc 
rca.sons for corrosion were Itnind to be diumess of webs, insufficient cover and insufficient 
coinpuclion of concrete. 

CW-21: India (1986) 

I adurc of pirstrc-ssing cobles resolfcd in a major collapse of a concrete, bridge alter 16 veins 
ol iEs service'' Very high cldonde and .siilph.'itc content in the environment, inadequate laivcr and 
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chltmik ixinLaniiiiaiion of concrete led to uiappini! ot prestressing wires. Cross-section leduaioti 
upto 48 per cent were noticed in some of the wircA'’ ” 

Oic-22 

Ctvmyum of steel utiiduiLs <x.ctined in 20 years in tlie case of a bridge over a fiver, leading 
to Cftu'king of webs^ Tlic reported reasoius for fuilure were stray cuireiiLs and access of surface 
water through old type brcy3«>inct aiu borages- 

Casfi-2A: lntita(IV88) 

A post-tensioned bridge after 21 years of its service showed extensive cracks due to 
corrosion*'. Severe corrosion Jed to snapping of pre-stressing wires in some of the spans 

Loss in alkalinity and high chJonde concentration were ascribed the reasons lor corrosion 

Ca.<ie-24; England 

A post-tensioned segmental bndge. Y -nys-y-gwas, collapsed in 1985. alter 30 years of its 
scrs’icc'^ Y-nys-y-gwas bridge was a single spn bndge amslructcd u.sing the fTeyssinct sy.stem 
l ailure occurred at mid-span under dead load Chlonocs from de-iang salt were the pnmary cause 
of conosinn Uwk of an in-silu slab over hivim.s. incfTcctivu water prixifing, ineffective prolcclton 
ot tendons, crpening of segmental joints under live load .'uul tkirnp nver tmvironment resulted in 
chlonde pcncfralion and corraMon Failure of galvanised prc.slressing leiKlons doe lo SCC and 
general corrosion has been reponcil 

(^«h:- 25: IX.-nmjirk 

I axig range deieticiraiioii of piesuesscd concrete bridge over a rail road yard was observed' 
I1tc external prcsticasing steel wires corroded because of die environment with high hiunidily and 
highly aggressive gases of tlie steam engines. Severe pitting was noticed. 

Casv-26: (•ermany 

(’orrosion of presucssing steel of over passes above rall-road uacks was noticed. The 
reported corrosion of prcsiressing steel was attributed to the chemical interaction of.sulfides of 
liigli aluiniiia cements with gases of tlie xicaiii locranotivcs'V 

Case-27: .SchaITgansen, (Jermuny (1958) 

l-’nilurc of a prestre-ssed concrete bndge was tvporietl as a SC'C failure* 

Cas«-2K: llond L^nal liridgtt, Washington, U.SA 

Fai lure of some piustressed wires in u fkKiluig hnilge over scawaler (x:currciiL Tlie nxcsixi fin 
the failure was alinbuted lo .SfT" 
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I'Yhiicv 

Severe conxK>iun of piestressins cobles resulted in dcniulition and rehabilitation or Vauhon 
bndge. (irooling defects were found to be the rejison for fatliire"* 

(IjiMi-.VI: Taiwan 

Severe amitsittii i*f po^sliessswJ steel wire of l\aig-Hii laidgc was rqxwtal in 1985*. Miu me 
1 ‘nvironnicni and higli chloride e«ilenl in amcrcle were ascribed Uie reasons for conosion. 

('aKti-31: India 

In a 935m long bridge in Orissa severe corrosion of non-prestressing steel and ptesiressing 
cables including snapping of few wires in c'ables have been observed after 20 years of service", 

1 ase>32: Indi.i 

Incidences ol corrosion in mild steel reinforcement a.s well as the prestressing cables 
including snapping of lew wires of cablcsof a556m long pre,stTcsscd amcitie bndge conslmclal 
in 1970 in Mahamshlra has been reported in 1988". 

2.2. I*r«> l enshmed Concrete Bridges 

Case 1; USA (1954) 

The Route Seven viaduct, a typical span consisting of 17 precast prestressed txix ginleis 
showed corrosion distress. Spalling of concrete led to exposure of strands to aimospheie and 
clilundc la<lcn water. Com).sion was found in all wires including the central wirc'^' 

It wiLs fiHimloiil dial lliedilondcconicnt was;inaind0.l02lo0.5i0pcrccnt which ls mom 
Ilian siilficicnl localisecomxsion. 

(jMc-l: USA 

O' lliue Airpoii 1 ciuLs lliidge liaving pfcea-sl pietensioncti ginlerssiuiwtxl uirrmion djsliess 
in two major areas. Cracking and spalling of omcreic led to exposuie of strands to aunosplicic"'^ 

Chlontle concentration uptu 0.742 per cent was detected and attributed to die cause of 
coiTosion. 

2 J. t lonclu.sinns 

I’Mm die ease Mvidic.s rtponed. the tollowing conclusions can be arrived af 

Short-lerm l•■«llllr^;s (l''ailiire time - Tew days to few months) 

I liere arc 10 cases of failures of |>re.Hliesscd concrete Nidge, which have occurred widiiii 
fcwiiioiilhs. 
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M:iny ol iticsc lailurcs were due lo stress eonmion cracking and Ihe rest due lu genera] 
cnmtMuti Tlie fulUtwitig were llie icxvonii for SC(!: 

hydrugcii sulphitk* in the cnvmuimcnt 
I’reiiCiitc of Mdiuni corbemaK' when used as an acceleratnr 
Scvvic mariiK ciivimnnicnt 
rVrluycil giouliiig 
Iiiipetfcci givutiiig 

(1 must be pointed out that protective c<«lHig.s wlieii applied iinperfectiy lead to aoxlcrated 
cxtrrosHin lailurc. (edvam/ed presiressed wires foiled within two days due lo crocking in 
galvanized laycT 

Medium-term Failures tBeyond I year upto 5 years) 

Hicrc w ere 4 medium teitn failures out of a lutol 32 cases. One of tbe.se co.scs was due to 
S(T' :uid tlie utliers due to general c'oiTOsiun. 

Morine utmosphere or seawater was tite mom reason lor severe untlurm corrosion of 
prcstrvssing wires in bridges. 

It I 10 .S lieeii h>uiuJ tliat .sbotaeliug of pier foce induced scuwoler (x.'raicolicHi bv coptibuy acbon 
wluch resulted in severe corrosion. 

Inodecjuotc gnuiting and aggressive, till soil environmcni resulted in collapse ol a bridge. 

l.ong-trrm Failures (Ileyond 5 years) 

A majority of long term railure.s was due to pitting and geneml corrosion. 

flu: following are Uie main reasoti.s for such failiues; 

MAnnccnvirunmcnt, >.cawaier mixed oincrcic 
Stray cuncril 

f wo ol the long lenii crises were due to Inglily aggressive gasets ol steam Iwrimolivcs and 
llieir uileruclion witli concrete consuiucnls. 
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3. FORMS OF CORROSION AND FACTORS INFl.UENCING 

CORROSION 

Tlic tiii|H)rUincc of (lie uivcxUgatioii of conuMOti mui cohoskhi pnBcclioii in prcsltu.sM;(l 
COiiCTClc .siniclnrcL<i is einplinsiscd by llic btei Ilut conusioii danugc in )itcsln^s.sing steel can be 
■non: (laiigcn»as Uian in conventional icinfoicing burs. laoni tiie Giilure cases identified, it Is found 
Itial prcstressing steel can he damaged by one ut more of liic following fotuts of corrosion: 

ta) IJnlfvmcorr.isifai 

<b) UimeialbcnrgalvaniccorrvKinn 

let Filling wsTusioo 

<dl Stress vuirosion cracking/Iiydiogcn cinUilllancni 

(c) Conosion futigue 

(fl Siruy eunent corrosion 

(jl) Microbial comwkm 

f actors causing these forms of corrosion and preventive measures are discussed. 

J.l. Uniform Corrosion 

Steel undergoes corrosion damage when sufficieni quantity of oxygen, water (or moisture) 
are present Aggressive environments, like, inaiinc environment promote severe corrosion. In the 
ease ot uniform or general corrosion Uica- is no pa*fcm;ntial attack of a particular area of the surf ace. 
Comision lakes place lliroughoiil the surlacc. 

Due to Uiu lictLTOgeniely ul Uie .surlace of the matenal. iiutTO-coirusiun cells arc lormcd. 
Moisture or water acts as the electrolyte. Oxidation or metal dissolution occurs at the anodic .site. 
Oxygen rcduciion or hydrogen cvoluuon takes place at the cathodic site, 

Anixlic rcaelum 


.>• + 

('alliiXlic rencliiin 

<),+ 2H,0 + 4e .4011 

(Neutral or ulkuline inedui) 

2H' + 2c .^ If, 


(Add ineditiin) 

Prestressing .steel c.\po.scd to aggressive cnviroiuncnt during storage ui while lying 
ungromed undergo uniform corrosion. Coiwrctc or cement grout provides an alkaliiK enviiotuneni 
around the embedded prestressing steel in which the tendency to corrode is much less. A dro|> 
in olkalintiy and chloride coniaminaoon results in corrosion of prestressing steel. Calcium chloride 
addition to concrete or cement grout provides severe general corrosion, Sulpliaics and carbon 
dioxide. Irinn industrial aonosphere also destroy the protective property of concrete. 
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frvvi'nliuii Ilf Uniform or Ueneral t'-tJiroslon 

During storage and ihc pcncxl lying ungrouied use of vit{X)ur phase niiuhitnis, or coaltiigs 
con be m:tde. Organic coatings pnividc a b^irricr protectiiMi wliilc ccniciil bused coatings provide 
a passive environment. Wires can also he tci'iporarily piolcctcd by ioinieisiou in an inhibited 
solution. 

A gcMxl quality eoiictetc/grout can offer adequate protection. C^oaiing to concrete can 
eliinuiule llie dcleiiiwalion of concrete and diffusion of aggressive species, like, chloride. Cement 
sluny ba.scd ctMtiing.s provide surficieni protection by keeping the environment near tlic .steel 
alkaline. 

3.2. llinKtalllc or Galvanic Corrosion 

When two different metals arc used in a conostvc environment <ir exposed to atmosphere 
and when tlicy arc in electrical contact, incmascd corrosion of one of the metals rveur. I bis is 
known as bimetallic or galvanic corrosion. 

Apptii:aliiHi of a dirfcreiil metallic material in llic prestrosing .svslcm, along with pti'Atrussing 
Steel results in a galvanic couple. In one of the eases, failures of wires of a posi-ieitsiiHicd bridge 
*.iccarred wlicu an aluniiniuin muiipct was ascd wiiii mild .steel duct. Apait fruin lia* aeceteiiiieil 
I j dissolution of tlic active metal (anodic area), hydrogen embritUement of iIk nobler material occurs 
due to hydrogen evolution (Refer t!hapicr 2). 

Improper metallic (oaiingsof prcsiressing steel results in a galvanic couple. In presence of 
an aggressive environment severe localised attack occurs. In the ease of galvanizing, any defect 
ill Hie ciKiling leads to a small calbixlic :uca (sted) and large anodic area (zinc). Since the anodic 
ari-a is larger, ovenill general conosion will be liHic. Hut, at Uic catliodic .site hydrogen evolution 
will occui. Suite Ibe pre-shv-sMiig .steel is unikr tcnsiixi hyihogen embnltlemenl is a possibility. 

Prvvcntiun uftinlvanic Ciirnisinn 

(i) tlscofiliBiinibrniculiimuiu bc.sv(Ncicil. 

(li) In Ihc event of unavoidable appilkuion ofdissiiiular ntetAh, Ixitb rif them may be applied 

non couduciing iiiHiings lo avoid eleclrolytic o<ntkict, Hlcvlrival wniocU of the bimctullic 
rouide sIk-juIO l>e avoided. 

(iiil rivuings applied should be pcrtccl. 

I iv) Inorctiviiig the ctcemitylie rcsistuncc will reduce galvanic comwian. Ilsu con be diwu by u&in«; 
uncontjuninaiod. gcsxl quality concrete. 

(VI Among the coiiUnit sysuanv, ixmcni slurry ha%ed systenis are preferred ovet oigunit burrici 
CiMilnv.s. since Ihc galvanictunrctil nowlng Ihnuigli an impcrfcciioii is miitimuin. 

3.3. Pitting Corrosion 

ihtting corrosion is one of the localised fomis of conosion. Whenever Hie pus.si ve nim on 
a metal suriace is removed partially in presence of uggressive aiiioas localised cornssion i.-ikL‘.s 
place leading lo pitiing. 
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In ihc CISC ol prvstrtssing steel, llicsicci is siiinminled by iin alkaline environment of pi 1 
about 12.6 At this pH level, presiressinp steel is passive. Pit inituitiofl lakc.s place when aggressive 
anions, like, ehlornie, sulpluile :ire present above a tiireshold level. 

Aggressive ions, like, lialide ions, either from die atmosphere or from the contaminated 
eeinenl gtont/coiieteie depa.vsivaie tJte steel. Once pitting is initiated, two distinct regions arc 
pnMinced The .solulii^n ebctui.siry inside the pilbecomes entirely different from that of the bulk 
solution. A decica.se in pll occurs inside die pit. Irrespective of the nature ol the bulk stdntion 
Due to die acidic naiuic and dw presence of aggressive ions dissoluUon ol metal t:ikcs place inside 
the pil. Thus, pining is an auto caialytic process, liraviiy cited maki^s the pil growth stable if 
die pll advances in the direction of gravity. 

Pilling tendency of a material can bo evaluated by decinK-lirnm-al mciliiHK like, cyclic 
anodic polansalion 

Pining of pre-sires.suig sleel is iiiiidi inon: tidrimciiud aiiiipiued to odier .steel coiiiponcnLs, 
like, ruinforccincnl.s. Since preslres.sing sltH:l in .srcrvice is .always iiiidei leasioii, pits fonned arc 
iiiuTow' and dee]i unlike for mild sieci where pits arc usually sliallow. Any sinidl dcciease in enves 
secboii of presiiessing steel diiLstieally increases stress level resulting in Ivitlle failures. 

Since some ol the prc.sircs.scd membcis arc .subjected to cyclic loading, piidng of preslrcs-sing 
steel may result in initiation of corrosion fatigue. 

Prevention ••ri’lltlnj* Ojrroslon 

fo avoid pitting corrosion, following mca.sures cun be used: 

(il PrcsciK'c of unpurilict on the fled surlacc hIkhjIJ be avoided. A clean nuri'aee nhould lie 
iiiaiiiUiitvod. 

(Il) InKrcuot ag*rc.Miveinn< should be av.<ide.l or kept well wilhin iIkj l■>ler(lWe Icveb. Ilciicc, 
nddiiirm of calcium chloride. In iciiicielc should not be done. 

(iii) A high pll level shoiilil be niuintuincd. A good quality concredng/gruuUng keeps ibe 
ciiviioiiincnt uiouikI iIic steel biglily alkiiliiie and tncrcimcj! clilmdc lolcniblc limil. 

tiv) CadiodicpixMeetion of prcutmisingMCcl completely eliminates pilling. 

tv) Elcctnvlieinical removal of aggressive ions, Ukc, chloride can be corrietl ouf |o bring down 
Uic evneentrauon ol ihc aggressive ions lomoceniralK'ns well below djc tolciablc liniit. 

(VI) <.'oatings can he u.scd in prcvcnl direct accewts of llic .iggiesvivc kpcvics to llic steel surface 
(>rganic coatings i >tTcr Kimer pr» <eClion. ivtiercus. ccnicnl vluny coaling offers uii iiibibiti vc, 
iilkalinc cnvironmciil and is Ibus preferred. 

3.4. Stress Corrnsinn ('racking and Hydrogen l{mhrit1lenK'nl 

3.4.1. liitriKluciion Many instances ol tailurcsof prcsucssing stccldue lobrildc fracture 
have been idendficd (('Juipler-2). S'liice prcsircssing wires art; permanently under tension during 
service, depending on the cnviioiuncut, can undergo sircss corrosion enteking (SCC) or hydrogen 
embritdtimcnt Ifccuusc ol its high strengtli andaild drawn surface, iiteslrc.s.sing .steel is liighty detect 
sensitive. 
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Nitrates in soil. s«xiiutn carbonate added to concrete, bi^h alumina cement 
cxtntaining sulpiiides and highly humid attnosphem luvc led to bntde Iracturc ol prestressing steel 
in service. 

3.4.2. .Stress comriion r racking and hydmgen rmhrlUlemcnt; Stress corrosion cracking 
(SrC) is iJu: .spoMUiiieoiLs ciaekiiig iluu nwy result Inmt (lie conjoint action ol tensile stress and 
eonnsive inetiia In the ahstmee tdeillUT stressor avmsion. the tmlurc would not tKVur. llie tuilure 
is a type of lirilllc fracture of normally ductile tneuds hy die [wescnce ol spcaric environments 
During SC(\ die metal or alloy ls viituidly lui-altucked over miksi of i|x surlacc. while line cracks 
progrcs.s dirough it. It is important to differentiate clearly lictwccii SCC and stress inxeleraled 
corrosion (SAC) where structural cc>rrosiDU cs intensive evai in die ab.sciice of stn»s .and die efica 
of stress is to rupture die grain boundarie.s and to promote penetration of the environmem. 

I¥.ictically, all meiallie sirurhiral sy.sicnis contain alloys suscepUble to SCC in some 
ciivironiiicnial eondiiioas. C.iusiiccmhnitlemcntol steel boilers and seasonal cracking of bra.v> 
caiuidgc cu.se.s are well known examples of SCC. liven pure metals may be subjected to S('C. 
Alloys .suliject to cracking are normally considered to be passive and non-comnling alIoy.s. 
Lnvironinenis in whidi cracking occurs an; those in which corrosion is highly localised. Variations 
ill coinposiUon. heal ucuunent, fabricaiioii arul mechanical processing affect the microstructure 
and consequendy S('C suscepdbilily. S(iC is well known in various aqueous media but it al.so 
occurs in certain liquid ineuil.s, fused salt* and non*aqneou.s inorganic liquids. The presence of 
oxidisers often has a pronounced effect on uacking laideiRies. ,SCC is accelerated by increasing 
icmpcnilnre 

see m srtrvicc results from tensile sirc.sses at die siufaee or sub.surf.'ice usually of 
coiisidcjahle inagnuude acung for prolonged periods of time. .Sues.scs of lliisnalnre arc usually 
residual, ['induced hy mellKxIs of m:«iulaaure (quenching, cold forming, lulic iliawing vnlliont 
inieiiuil maiulrel. etc ) or assembly (welding, press or shrink fiu, wrapping of sliiu;l to til a 
siruciuic. joining of pixirly niled parl.s, etc.). Stresses due to applied loads arc .'Xildom met m 
practice because of design eixisnleralions C)noc acrack starts, it is possible fix it to cixiliiine with 
no applied or residual strexs bm simply lo be dnvttn by pressures from corrosion products (of the 
order of 4(XX)-7(XXI psi). .STf' lias never hct;n observed lo result trom surlacc comprc-vsivc .stress 
(indeed, the iniAxluctioii of surface eimipre-vsive stress may he used .es a prevenuve measure). As 
the magnitude of sirc'ss increases die lime for total failim: decreases although high stresses 
appruaching the yield point arc generally needed for S('C, frequaidy .slres.'x» that arc snuill rclauve 
to die yield prtxiuce fuilure. Foriiuny alloy sy.stemsa ‘diresliold' stness (a stress below which Sf V 
does inx (xxnn m *i<xnc linilc period of umc) has been iibservcd. SC(* grows in a plane |x*iix:ndiail;u- 
lo die opcniiivc IcrmIc suess and may take either an intergranular or a tnuisgranular jxiih flic nack 
propagation is a ihsconiiiiuous prucc^. 

(’omcsion pl.iys an important part in the inidadon of cracks. A pit, ucncli ix oilier 
ili-seoiiUiiuily on llu; meUll surface aens as stress raiser. Once a crack has siiuted. dx; dp of ixlviuicnig 
crack lias a .small radiu-s and the stress conceniraiion is great, ilasuc defomuuion of an alloy can 
ix;cuf ill dx; icgiixi muneduiicly pnxeedmg die crack till ladure because of liigli stresses. Ific lole 
of lemsile sire-ss luis lieeii slxiwn lo he uii|Mwtanl m ruplunng protective lilms during both iniiiaiiixi 
and propagation of cracks. 
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H.vdnncen bmhrittltrment 

1 lydrogcn cmbnilleinciK can tx;cur wlien alimnc hydrogen diffuses into the coiv of the metal 
and drctviiscs the coliesive slreiigtli of inciul atoms. Presence of tensile stress in steel accelerates 
the diffusion rate. At a critical concentrution of stress and atomic hydrogen, steel beciuncs too 
brittle and fails hy dccohcxioii. The damages of embritllemnt increases at a higher external 
hydrogen activity. 

For hydfitgcii ciiihnltlemenl to occur there must be a source ol atomic hydrogen, such as. 
steel itself, hydrogen sulphide, galvanic cells, etc. Atomic hydrogen may be piesent in the 
piesheviing steel hum the lime of manufaciuring. It may also be produced by gas dissolution Erom 
hydrogen sulfide present in the atmosphere in indu.sirial and farming regions, in high alumina 
cement concrete, and in concrete made with blast furnace slag as follows- 

.2n,^,.+ l/2S,(g) 

In h;irdcncd high-ahimma cement aincrelc M,S i.s formcil as a result of reaction between 
sulphur ciaiipoimds and eiulHiii-dioxide from die uunosphcrc. 

A common internal source of atomic hydrogen is galvanic cell dcs'cloped in u concrete 
sauctuic. In u corrosion cell, at die cathodic sites hydrogen evolves as a result of water dissociation. 

211,0 +2c..^.20I1-+H, 

Stress corrosion laiiute and hydrogen emhntllemcni lailure can be disunguisbcd from nonnal 
inech.-uiical tailure by the absence oi necking at the snapped end. 

3.43, Sirisss corrosion cracking of prestressing steels: Pnvstivssing steel being a high 
sirciiglli inuieiial Is vuhicnihlc to stress cixiosiun cruduiig. Many eiiviioimicnLs liavc hmi idailifted 
which cause .SCC of prcMressitig steel. The following i,s die list of eiiviroiinicnl.s in which 
susceptibility of (ircstrcssmg steel liave been identined. 

i. Nitmc mciliuni 

2 .Sulphide modiiun 

t rhlrcidc medium 

4 Auuni+iiuiii ilueoyum>ti' 

5 Plmspbiile ineJiuui 

6. Sulphate mcdiuin 

7. Cw boiiutc iiKsliuui 

S( T hdiuviour of prestressing steel in tlw above media ami laclors inllmmcing the failure 
have been discussed. 

3.4.4. NItrute medium: Structure und Composition: It was found that drawn wire with 
bainitic structure intenor in nitrate medium'-^. Addition of Si and Cr adversely allecied the tailure 
time. Addition of Al was tbund to be bcnenclal. 

It wassliown tliai only high sirength htuiulic wires, and fim' andniedium sorbihc wires failed 
withiHit polansatioid 
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('i)ld clrjMi) wifx:^ an: considered (o be mtrrc a^sisuni lo stress comvsion ihtin heal-lrcuicd (oil 
tempered) wia*s. I lowcvcr. m nitrate medium both liard-drawn iuid tjufnclicd and tempea'd wla‘s 
failed at 21® and '1 he mode ol liuluie in tltese two crises were dirtcreni. I n tlic case ot qix'ivlicd 
and tempered wires crack prerpagated normal lo tlie .siirlace, and m tim case ol cold-drawn wire, 
tile elongated grains caused the crack to turn and run almost parallel wiili (lie surt arv I Ins dil leretice 
in mode ol cracking is llic rctisoii for tlie superior perroiiiuinee of cold-drawn wires compared lo 
hciil-ireaied wires fliis fact was supported by stndk's slHiwing lietlcr strevseonosion res'tsluiice of 
colit-<lt:iwii wires in Isnling calcium ainnioiiiuni nilrale', 

(.'oniparative siudte-s in oil quenched and tornpered stad, and isoilicniially, inuisfonned sicci 
showed stress corrosion cracks fonn in arc-as where Uie sliiicituc conUiiiis nne spheroidal carbide 
(tempered baimic or martensite) and iitH in pearlilic or ciutrsely spheroidi/cd stmcturcs" 

Concentration 

It was lound iliat increase m concemranon beyond 0.?5in did not pnHincc :uiy siciniicam 
change m lailnrc nine in the cast: of Ixiiliiig aiiitnoniuni iiilnilc^ 

(MER. Re|iort-W (lOVI) on W.r, tests using calcium ammonium nitrate al Il)2''C’ showed 
ilui majoriiy of drawn wirci failed in 40-72 hours while majority ol drawn and sire'ss-relicvcd 
wires failed in 72 hours’. >j: '' 

• I • 

It w;is reveakaJ by licc-l<K>p lests lliat oil tempered high sircngth wires failed ni NH^NI) ^ 
AilecTcase inconaaiiiaitiin iiom I ONioO.niNiiKTCLsedilieriiiliuciiinerioin I to lOdOboms’' 
C'old-dniwii wires did not fail in N>lh media 

KfTvit of I'tilciilUil 

It w':is bHind iluil qiicndied ami leinpt:red reinfortvmcril ware cnickal in calcium ammonmin 
nitrale al Xiyt' under polarised and iinpolariscd eiMidilions* Al low eallindie currenl densities 
cracking tune decreased With fuillaT increase in catliixlie currenl density failiuc lime increased 
Al low anodic cuiTcni densities failure tune decreased and further inaeasc did not (ircKlucc any 
iurther reduclton in lailurc lime. 

.Similar rasuHs were, ohiaiia’d by olkn workers m tlie case of eulecloiil steel wire’ (Jiienclusl 
and ictnpcrcsl wires tailed under anoibc poIcniiataiHlal rest poietilials, in boiling I in :immoiiium 
mirale Iliider calhiHlic pohuisalion llie lailure time w'as miicli greater 

()iic ol (be isotbermally rpienchcil wire, tailed even undc*r caliiodie [lohuisaiioii 

ICfTrit of Cold Work 

Cold working was shown lo deaease ilie siisceplibiliiy of eutecloid slcel to stress conosiiHi 
cracking in 20 per ccnl sodium niliale^. Oalenied w'iics wiili no cold woikiiig eiidmed for only 
^ Ihuus, wbeteos, S7 jiet cent cold wink increased llic failure lime lo about 100 hours. 

r.fTtdofpll 

('tacking of eiilecloid steel has fiecn ie|H)ilcst in ammonium nitrate iipio a pl f > 12' Tlic 
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actual (hrcsholil pi 1 was Kiund to dcpcnil on the type of cation (Jor NH*^. 12 and for Nu* 10) fot 
a panicular type ol wire 

It was ioiiiiil lluit under anodically potanwd conditioii\ siiscc^libility of cold drawn wires 
did not slinw any pH dependence in llic ningc 4-0^. it was also shown tiui pi I - 10 was the 
tluesbold pi I level licyiuid wliidi lui fuiluie iKcuiml.On tlie aHiUaiy it was reported Hull aacking 
had no relalion.sliip wilii pH"’ 

Cracking ol oil quenched and tempered carbon steel has been rcpoiieil in tJiu pH range 1 

to 8" 


'1 eiiipenilure 

Stress corrosion iraclcing of bndge cable wires at room temperature lias been observal in 
die case of tiiljales’®^’ 

Stress corrosion cracking of hard-drawn, stress telieved and oil leiiipenul bent specimens 
wen' observed when exposed to 8N ammonium nitrate at 27'<'''. Failures ixtcuiied lieiween VA 
and 15 months. In similar tests at 93‘’C. the specimens failed wiilnii 75 days. 

I cmpcniluie was found to have coicsidcrahle iiiflueiicc on susci:plibiltiy of cold drawn and 
stress relieved prestressing steel, ui liu luiiinoiiiuiii nitrate. Failure lime was found to increase 
rapidly below 60'X.'*. 

A particular type of eutccioid steel, (I r275) showed accelerated failure both at riKim 
temperature and holliiig conditions tn Im ammonium niir.iie, under anodic and cuiJuhJic 
ptiloriNition. 

II was shown dial by testing hndgc-cabic wires that cold drawn replacement wires ilid not 
hill III ODIN animoniiiin nitrate ,11 room icmpcraiurc upio39Fi mondis'. wliercas, abatcli of 14 
Pori.sinoiiili bndge wires tailed in 3Vi to mondis under the same conditions. 

All i.sodiennully quenched liigh sirengdi steel wire failed Ixilli at hiiling conditions and at 
ri.Mitn tcmiieratuiv under jioluriscd coiidilions^\ Failure (itne ul tiHiin (cnipcraiunt was higher 
compared to dial in Ixuliiig solution. 


ki';naiKNa-> 

I. C HlJeliriiil, ).U., KcMTureli ,Ni 4c, I'.l. ‘T*rc»tr«»cUlV'ncivU' lV:vcl('pmcnllmM)p‘‘, I otiiksi, June, 

1 [A<i. A. cl.ol., SympcHium on ‘SovmC omiMon ( racking I'odcralion Intcmaiionai, <lc l.i Prccontraiiiir, 

Aruhen Holland. (1971) (FTP) 

3. Ihldclirifl. J.lJ. and Nurayin, K., “Fnvmsimcntal ('nicking ol I'aiiccbud Steeft”. ('ornKKm.ScIeih.c. 
11. iy7l.p.2«l. 

4 livcrling. W,l;.."SlreiisCofivi>ionmlligh lensilcWin:".Wircand\Vircl¥»slucli!. Vol.kl. t'WS. p 
.fill. 

Schwicr. F.. “Sueis G^invaii'n and Kctas.ilasi of I ligh CarNin .Sleet Wire I Ventru^CAl I Inncrcic'‘Wire 
unJ Wire ProducLc, lice. I'l55, p. 147). 
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6. UiJckltrisfl. J.D., "Tlio Stress CcifPi«ioi» Tracking of High Tensile Steel Wire”, Mdallurg, Qub J. p.l8. 

7. C. V.R Report 49. CAMrsof Doaiiigr die to corTosinn t»f iirestresang steel. Nctherlandit rocimiutcc for 
Concrete RcMrurch (1971) 

(t .Spare. ‘'I’rcslreauing Wires • Stress Reliuatiori iuhI Sires* (.mosion Up tti-dnie”. Wirennd Wire 

IVr.liii ts. 29. IVc. I954.p.l42l. 

•I Alekseev, S N amUimevich, li-A., "Stre-ssCurmiion Cracking of Hicnnally ilivJened Reinforcing 
Steels'*. Zucinlu Mcdt.ilIov. 5. l9fiW, p.47 

10. Radekur, W. and (iiufcii. H.. Slagl U. b'ineu. Veil 76, No. 11.19S6. p, lftl6. 

II Mc(ila«r<n, R.I.(ircaibouKC,W.D.iindlliklguig.C.M.. *'Stress Currosiun Cracking of ('urboii .Steels 

in ( jHKcntratcd Sodium Nitrate Solutioiu", Canosion, Vtil. 16, Nov. l9tS9, p. 113. 

12. Itollard, R.n.. "Stress Corrosion Tests of Bridge Cable Wire”, Symp. on .Stress C-orrosion < xacking 
in Metals, ASTM/AS.Mli 1944, p.437. 

13. t'arter, (‘.S., Hyatt, M.V. and Cotton, J.Em "Stress Corrosion Susceptibility of Highway Bridge 
Ctutstruction Steels", April 1972, Technical Report FlIWA. 

3.4.5. Atioeous chloride snIuUons/walcr: It was shown that cold drawn and stress reheved 
hijtli tensile steel did imh undergo SCC In 3.5 per cent NaCl when subjected to W). 70 and 80 per 
cent of UTS. for 801 hours’-^ UKrc was no SCC susceptibility even at 93^'* (200®)-') for 340 htntrs 
('oupling with '/.n did not produce SCC failure. It was also shown that heat treaunent. 843^C oil 
quenching 31 .‘i'C/lu' did not priKjtice cracking tendency'. 

('old dniwii lugli tensile steel did uol fail in coiictete containing calcium chloride or in 
iMiilitig sodiiiiii chloride fpll I()• 11). Speciinaix were tested for 27 months in concrete and 4(X> 
hours in boiling chloride'. 

Il was reponed ituii Kuniiic heal (retitol high te4tstlc steel in IM NjiCl, even iiiukr a callKulic 
poluns.ition of I 2 V. did not undergo SCf' even under 86 per cent of ITS. But when the pi I 
was nnseil io 11 2 failure iHTurred Increase in stre.s.s (lo 99 per cent TYSl also prtKluced SCC'. 

It wus shown thut cold druwn high strcnglli steel did not undergo cracking tn chloride 
cnvironnieiu-^ 

In tlie ease of cold drawn prcstressing steel taken from various bridge sites, there was no 
Stress corrosion crack in distilled water*. .Similar observations were reported in the cascol cold 
drawn pfc.strcssing steel m water, even when subjected to 15 mA/cm' t'atltodic cliarging at 95 per 
cent ol I ri S’ 

I lowcvcr, failures of noidied .s{tccuinen of oikl drawn high slrungiti steel luive been 
lepoiieif' 

Kffeet iirKiivirontnenlal V'arbiblcs 
Humidity 

Studies curried out* showed llmt ciack growUi rale met cased wilii relative liumidily uplo 
iil'HHil 60 |>er ceiil lawOiid which no riirltiei iiietcasc in gtuwlh talc was ubstrrved'®. 
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‘IlifesboU) intensity and ciaclc growth rate ot high strength steel m humidity greater than 60 
percent were found to be identical to tliat in water" This wax asiaihcd to watercoiidcnsaiion at 
the crack tip. leading to crack propagation in liquid pliasc 

It was also shown tiiat inuoduction of oxygen (0.6 per cent) arrested the crack gmwth in 
water vapour envirennients. 

Cntentlal 

In service cxpcnctice, it lia-s been foiiiMl tliat self polahsalHKinf ± 200 uiV uiuy uiLse ui lugti 
strength steel win's*. 

Tills i:an be iiinre severe a.s much a.s ± TOOiuV, in less likely circuiiisliuices. Diffcrence.s 
m poiciitlai are deliberately produced by metallic coalings of zinc, metal based paints, etc. 

Prccnidccd specimens of high strength prcsucssing wire showed signinc^nt reduction in the 
failure time by the action of aiKxiic ."uid cathodic polarisation by impressed current'*. The medium 
consisted of distilled water containing 600 ppm chloride and 1300 ppm sulphate. 

KITwt of Conrentndion 

Tests ou a munlier of higli suengih steels in distilled water and aqueous solutions containing 
vaiiou.s cooccnlruiions of sodiiini chloride liavc shown no signiricant change in thrcsliold 
Concenuaiion ha.s little effect on crack growth kinetics in these steels'*. I 'or steels having yield 
sueiigtks about 185 lest, cliloride concentration alfccts the growth rate. Changing the environment 
fnuti distilled whut to 3 pci oeiil sodium diloride solution decrensed the failure time by two order 
of magnitude**’*’ It was also shown ihai concentrations greater th.in 20 percent nwy lc.id to rapid 
corrosion and cracking bliinling 

A variciy of high suength steels were tested in 3 per cent NaCT and at sea coast it was 
found dial for piecrucked specimens, idmilar threshold stress intensity values were i.vbtoined in both 
eases*' When tested in mortar, it was shown that SC'C susceptibility mcrea.scd with increase in 
chloride concentration. 

Kffcctuf pll 

In ease of notched specimens, it was shown that high acidic conditions pnanote aacking 
and higli alkaline condiuonsstopor restrict cnK’king'*. .Susceptibility lemuiiis .snine in the range 
pH s 3 to 10. Simil.'U' studies showed thai van.alinns in die pll range I to 9, bud little erfeet on 
the thresliuld stress intensity***. IncTOi.siiig pH to 13.6 completely stopped cmcking. 

.Studies liavc sliown that a 25 MnSi presiressing steel did not show .SCC iimilency in TafOl f)^ 
solution ui pH * 12.5”. 

Prccracked speaniciis of cold drawn presircs.sing tendon showed stress corrosion craclung 
susceplitnlity from low pH conditioas upto pH = 12.8**. 

At very high pi I ciMiditions, two regimes of siress conosioii cracking, .se|)araicd by uii 
Immune region was shown for cold ilrawnniioctiHd .steel at room temperature, without poUirisuiion'^'. 
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l.,rrcct of Additives (Promoters) 

I here tscDtisKicfahIc evidence showing S(.'C in water and aqueous chloride environment 
can he ailnbuied to hydrogen cmbriltlemeni. 

A number of element promote the entry of hydrogen into steel, referred to as ‘poisons*. 
Sul])liui, phosphorous, arsenic, selenium antimony and tellurium have been found to promote 
hydrogen cniry-'*. 

I'ailuiv tendency of a high slrcnglh AlSI4340smo<i(li spedineris iii aqueous Naf'l soluiion 
increased significantly by pnur immersion in solutions conuuning elcmaiiid suiiur m sulfur 
compounds, such as. I l.S. SO, and NaJ ISO^. Tliis was aliributed lo Uie fonnalion of sulfided lueas 
on the steel surface tliat incrciiscd hydrogen ahsoiplion^ 

Sodium arsenate additions between 0.2 per cent and |x:r cent caused increased SCC 
lathin' of a liigh sfrengUt kIccI wire in t in .sodium elitoridc solution under catliodic polarisation^. 
It was reported tlial a ininiinnm of 0.05 per cent arsenic was icquired lo cause poisoning during 
ciccliolylic charging in acid soluliuas^. 

Ii was found dial soluble sulpiride did mi cau.se room temperature stress corrosion aacldng 
in lM>ih ('a(f)H), solutions or cement paste suspensions*'. There was no synergistic ctfoci when 
added lo alkaline chloride solutions. 

Effect of Additives (Inhibitors) 

.Studies have shown that anodic inhibitors like potassium chromate and sodium bcnzcKhc 
reduced rate ol stress conosion cracking growth of high strength steel in aqueous cnvinmiiiciil^ 

In die ease of privstrcssing steel in mortar, I per cent NaNO, increased lltc lime to failure 
in die presence ol chlondc*"' 

I'.ITerl iir.Mrength l.cvcl: Smooth SpeclmciH 

.Sf*(’ ladiavioiu of a variety of .steels exposed to marine atmosphere Juts been reviewed-"'. 
Wla'ii tested at a stress level of 75 per cent yield strength. It was found that constructional alloy 
.stechs and ultra high strciigdi steels upto 180 Icsi yield strcnglh are resistant lo SfX* in environment 
containing chloride. In the range IXO-210 ksl the types of steels may be rcstsmi lo STC, depending 
on die specific .steel .ind licnt ircaimcm. At yield strength exceeding about 210 ksi these steels 
are generally susceptible lo S(X’. 

It was found**' that .several dilTcrcm coastructiunal steefs. when exposed lo maniK. atmusphetv 
and sea water, did not show ,SC‘C upio 2200 days 

Several Japanese consinictional steels were exposed to outdoor covtronmenus. like, cmstal. 
rural and highly polluted indasuial. Tour point bending mediod was employed and die steels were 
sucssed to 90 per cent yield su’criglh. No cracking occurred in tiny of dicse steels or wcld.-^cni.s 
during 3 years exposure. 
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S^'C failure of ruinfoiciog rods liuve been repiMletj when tested at 75 per cent ul tensile 
strength in sartd inuistuied with 3 percent NaCl Ibc relMr was earlier heut uvated by the intcmipicd 
quench metllud’' 

Notched Specimeas 

’ITw stress corrosion resistance of about 100 hcrits of constructionjl steels werv tested in 
distilled water with round specimens containing notch For yield strengths uplo Ibfi kxi tlie 
threshold stress was essentially eciual to the notched icnstlc sia-nglh Klu*wing SCC assistance 
Inca’asing the strength to higher levels wasaccoinpiuned hy a rapid decrease in liiresliold stress'* 

i''irecl of Micros!ruclure and ConipoKilhm 

A iminber of studies have been done to ituproyc the .SCX? resistance of high sireiigih steel 
hy ctuuiging llic microstructure aiul clKuuical ctmipositioii. The following have lxa:n found to liavc 
no uppieciable effect on Uircstiold stress intensity. 

(ii) clmnging the miiifostruLiure from nnineoitllc i.i hamiie"'*' 

(b) refining the grain »izc“ 

(ci increasing the alloy content with aildllionc of Nl. (T. Mo and 

(d) decreasing the sulphur and phtNipbti(tHi.i content" 

Kesum Of one study indicate Uut the incubauon tunc required to initutc SCC in precracked 
spcctmens increases with alloy 

LfTcct nr Cold Work 

Only liinilcd data arc available on the ellectol cold work on (lie .SCO hcluivnnn in aqueous 
ctilonde media. 

It was sluiwn that plastic prcstrcssing iiitTcaseil sasceplihility to S('C in die case of HY 130 
stwl m .'trtificial sca-water*’ HY IW) steel also showed severe .Sf'O siiscqiubilily wlieii sulijecled 
to plastic preslraining. Hut, 5 per cent plastic ptesuaining iiuidc HY 180 steel uiumine to .S(X' in 
llic same media 

It has been reported that presu.iining con have beneficial effect in the presence of crack.s 
or sharp flaws'*. Residual compressive stresses develops at the crack tip. due to prcsiraining and 
CDunieiact subsequently applied tensile stress. 

Fm-ct«rWtldln« 

A few studies have been done to understand die SfX' behaviour ol weld metal In chlondc 
medium. Stress corrosion re.sisUincc of HY80 and I lY 130 weld meuti wits eviduated in 3 per cent 
Na( !1 .solutimi using precracked specimens-''. 'Iltc dircshold stre.ss intensity of IFYSO steel was 88 
per cent under unpciarised condition and 75 per cent when applied I 2V cadunlic potnilial 11Y 
130 weld niciul sliowcd lower ihrc.shold stress intensity, lor steels having yield strength greater 
than 180 ksi. the susceptibility depends on the alloying elements* 
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SuiiKtUi KpccitiiciiH of A 517 grude P weld mcuil did iiiM fail when exposed (o inantie 
envtrounicnl Ibr 425 days^*. Such icsulLs cannot be (aken as conclusive evidences of iuimutiity, 
since i 1YSO and 11Y130 precfacked specimens failed in the presence of preciack. 
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3H Novrtk. S.K., *'< ’ninpreheosive InvMtigaiinn nf the KIS<X’ llehaviournt (jutdidaie I lY IWV210 Steel 

WdJmenK”, W).()2M)24(n 1)64105.1 Inited State SteeUCorp., |}eccmber 31, N70. 

30. Snittb, J.il. him] Devia. J.A.. StrcMCorr«MicNi wid ilvJrogcn limlvittlenieiit rrackiog Behaviour of 

HY80 am) JlYlK) Weld MetoU”. 89 021 02‘)(4) (B 633<>t) 40 001 -021(8). United Stales Steel Coip.. 

Jan. 22. 1071. 

.3.4.6. ilytlritKcn Nulpliide iiiL-diuiii: .Many incidences of sirctts corrosion cnickinjt of 
lire&tiessiji^ steel by sul|)hidc have been idenlificd (Chapter-1). Most of the shon term failures were 
ultiibuicd to sulphide stress corrosion cracking. Much work has been dtme on the sulphide induced 
sire.ss corrosion cracking of prestressing steel. 

Specldclty of Hydrogen and Sulphide Ions 

ii IS generally accepted that failure of presitvssing steel occurs as a result of hydrogen 
cmbfitiJemcni cmcking, atomic hydrogen being produced at the steel solution interface by the 
a)iYu.si«)n reuctlim 

Ic+lljS-IcS + Zdl) 

l)y 'poisoning' the recombination o( atomic hydrogen H,S acts as a pmmoter fttr llic entry 
ol hydrogen intostecl'’^. 

It was shnwit that cracking did nul tKcur in 10 per cent sodium sulphide, whereas, rapid 
fraciuie of pna<tras.siug steel occurred in water saturated with hydrogen sulpliidc\ I'bis indicates 
die x)>eciric lequircinciil of iiydrugcti uiui sulphide ions for cracking. 

MITect uf Cuncentrution 

It has been shown by many woikcrs that as the hydrogen sulphide concentrauon increased 
llic failure lime decreased. 

When a set ol high strength steels were lested, Uw IhreslKild stress w.is found to dcpcml 
on I IjS concciitraUon*. f ora high strength irfBOsiecI wlicn HjS coiicciitnition was iuen^axed from 
20ppin to 300ppm, llueslinid stress dcciuLscd to l/5(b uf the intUai threshold stress. 

Dccienw in H.S uinucnlralion was found to increase (he failure lime'. 

IsfTrct of pH 

Sulphide cracking MiNceptibilily lias been sliown to dcfieod signiricanlly on pH. 

iailurc lime was fouud hi increase with increase in pH in the case of notched and unncuched 
specimens'^. Similar observations have been reported in the case of high strenglh wires’ 

i-ailure did not occur beyond a pH = •J.O*'. But, cold drawm wires were reported to crack at 
pi 1 values as high as 12.0* Similar nhscrvalum liave been re{X)ttcd in tlie case of cold drawn 
wires'*-"' Soluble sulphides did mil cause nsim tctiiperalutc cracking in salutulcd Ca((3H),"''’. 
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liUcci ot pi I w;is explained on iIh.* basis of incitiasol l)yiIiogi:M absorplimi wilii iiictciLSiiip 
hydrogen ion (’oneeuinituni A sliaip iiicicasc in absorption of hydrogen was reported below u 
pll = 4 5' 


■| emiierature 

(‘racking resistance has bs'cn repirted to incrcsise with increase in icmpcralnie''' . 

MiTect of rotcnlial 

InvcsUgatioas on Uic inllucna* of polansalion pofcniial levi'siled iliai qnenclKsI and iein|x;ieil 
liigh-sircngth wires failed both under anodic and calliodic polarisatiiHi*. ratliodic uver-ixileiUial 
of 0.?V decreased tailurc tune by two order of niagnilude. Sonic of die heal ircated wires did not 
fail at nvst potential but failed under caifiodic |Kilarisalion. 

I ligb strciiglh steel wires were shown to undergo cracking under polarised and unpolariscrl 
conditions**. C'nicking under caUioJic polarisation was more severe comptimd to tliat unrler aiMNhc 
|X)latisnlion. 

I•■^'ects of MIcrostr iicture 

Among martensitic, baiiiitic and oild-drawii micnisinicinres of smiilai slictigtli level, ilicre 
were no diftcamws in cricking rcsisUiiice in salutaicd I l,S solution'*. 

Qiieiiclicd and ian|x:ivd steel widHiul uniempercd martensite was found (o be mure cracking 
rc.sisl;uii tJiaii die ones coiiuiiimig uniempercd martcnsilc*’. 

It lia.s been reported that cold-drawn wires were more resisuuicc to cracking coiiii>aied to 
heat treated wines”-’* 

Some workers have reported dcrl twinned uiarlensile is more susceptible to hydrogen 
cmbnttlcmcnl tliat niartensiic Uuit dues not contain micioiwuis-*-**. Increasing alloying ciHilcni, 
especially carbon, decrca.se.s the tendency to fonii twinned structure. 

('racking resistance was shown to Increase with decreasing grain size’”** Hut m the caw 
of u.s-quciiched condition, cracking resistance was not mlluenced by grain .si/.c'**. 

1. Shupc. K.. "Sulphide Stress(jomKiiHi (.racking ol Sonic Medium and I ow Alloy .Steels*'.Corrodon 
23.1V67 p.154. 

2 I1icliw.li.ll, "A Review-of ihc Stress CorrosK’n Bchuvtour of Steels with High Yield Strvngth", IVv 
Conference xn l-undamcnial Aspects of Stress Corrosion Cr-Jckiiip", R.W StnchIc Rd.. Ohio Stale 
fliiivcrsily. Naiional Asicnf (.V>rrci«ionl-jigmccr», 1967, p.SOk. 

3. Rcng-jswitniy, N S.. Rujagopalnn. K.** .tnil V'asu, K.I., U. rjcctrochcm. I-S, 1985, p.453. 
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Comsskm 24,1968. p.31. 
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.<•4.7. Aminiinlum thiocyanate In order to bring out a sundardircd testing procedure lor 
liydfOgtTi uitliiccd Kiress conoshiii uackutg of pieMiesMtig steel, a mixed Committee of R n .HM- 
nPdTdt deeiUcd to set-up a Wiakiiig (Iroup involving u l;uge imnilici of numpcaii Lihomtones, 
institutes and organismions. Rased on Uiis ilP has brought out tepom on stress coirosion lest foi 
piesue.ssing steels' 

I'csting in 20 per cent ammonium Utiocyanaic at 5U'C has been used Ux screening different 
prestressing steels’^. 

I lydrogen absorption tests have been ttimcd out with 3.*' per cent ammonium thiocyanate 
solution, for evaluating prcstressing steels"*. It svas shown tiuii ductility ol pmstressuig wims was 
lost when kept immersed in iuimionium lliiocyanate 

Influtnce of'IVmprraturv 

f ailure lime is rwluccd drastically as the lempcraturp increased' Failure Inric is reduced by 
an order ol 2.0 to 1.6 when the icinpcniturc nses from 4.S*' to ‘ifFf.' .Similar tempcraiure cITccts 
have betui reported in HP I cclmical RejHirl' 

KfTta’t Ilf C'oneentralion 

Fm a quenched and (empeied .steels as well as for cold drawn wires, a decrease in ammonium 
thiocyaiiule concenuatiou increases Uic fuiluic time of (he steel*. By lowering die conceniration 
from 1.^ per cent to 1 per cent, (lie hulure tune increases 1.5 fold. 

effect of Chemical Citmposillon of Steels 

F.l(ccl.st>l clHanicd composilKHi on luilure Umeof pfesiies-sing steel liave ikH Ixam exammcil 

fully. 


(.'hromium content of die sicci is found to strongly inllucncc the failure time. Steel 
coiiiaiiuiig ctuoiiiiuin above 0.45 per cent showed lailure lime between 3 ;ind 20 hours, wlicrcas. 
In the ciise of .steels widi contents lower tluin 0.45 per cent die lilc time was between 40 .ml 1000 
houjs\ Ilic seasitivity of .steels wiili high chromium content towtirds stress cixrosion cracking in 
20 per cent Nil, .St'N has been rapiMied by oilier workers :dso- 

.Steels with cliromtun together with silicon sliowcd belter stress conosion n.-.MsI;ince in 20 pet 
cent N11,.SCN tests'. 

M ic rostruc ture of Steals 

L)epending on the mcllmd ol production, piv.slri;s.sing .siccis presenl very iliffeieiil sUncliaes, 
manrnsKic, hamiiic, pearlilic, widi i» without cold dcfuinialiou. etc. Iiinuencc of .sliiicluie on die 
failure lime of presliuvsing sieel in NH^SCN lia.s l>ecii studied by many workers and reported^. 

Following IS die stmsiliviiy of presire.ssiiig steels in die increasing order, {’old drawn 
steels <. qiu'iidied anil Icnipcicd steels < hot rolled steels. 
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This statemcni contradicts ibe observations of some authors^. 

Cold drawn steels wiib/witbout subsequent stress relieving or stabilising were tested. A 
tendency to higher sensitivity can be seen In the following order*. Cold drawn steels < stress 
relieved steels < siabilizod steels. 

Surface Roughness 

Ihough. there is no quantitative results available, it was reported dial as Uic amgli surface 
IS larger, comwion attack is more severe. 

In die case of qucnclied and tempered steels, uplu a pit depth of 4() pm the failure lime in 
ammonium thiircyauaU: lest, remains aaistant. When pit depths increased from 100 to 300 pm, 
die failure lime falls to 20 to 30 per cent of the original value. 

It was concluded that due to surface defects the lite-iune to lime rupture can be reduced 
to l/lOlh dial of nun-damaged steels. 

Residual Stresses 

'J'ensUe stresses on the surface of steel decreases the failure time. After cold rolling, 
ctmipressi VC stiusses are produced on the surface Such coki mtlmg npctaiitm inueased die failure 
time hy 10 limes m NH^SCN tests’. Residual stresses were quaniilativcly measured by Sprauel 
mediod* A possible explauation was the supehmpcisiog of inlcmal stresses and external lest load, 
wtieru die tcsidual compressive .sirasscs compeitsale to an extent and lower the elTecd ve tensile 
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3.4. K. Other media 

3.4. K.I. Sulphate medium: High slntngUi win: loaded to 95 per cent of yield strenglli 
(y» =318 kst) failed hy SCC' in sulpitaic/sulpliurie acid system'. Wires failed in solutions 
eoiiiaming 2 (ter cent ferric sulfihate (pH ^ 2). Beyond S per cent, increa.se in concentration wa.s 
utsi'iLsitive. 

b'flect of polan.sation was also studied' Only high strength hainitically tre.aled wires failed 
without any polan.s;ilion Quenched and tempered wires failed tmder both anodic and catluKlic 
polarisations. Wires witli bainitic structures lenipered to high strength levels failal umler similar 
conditions. Cold drawn wire w'as (ourid to he resistant tiurackiiig inida nonnul conditions. Very 
high applied stresses (- 90 per cent yield strength) and high eailHxlic ovcr-poleiiinds were reiiiiirerl 
for tracking 

Studies showed llial cold (havsn and heat Ircatcil wires were resLslaiil hi cracking in H.ON 
ammoniiini siilpluitc soiiilioir. ('old drawn wires c.xpo.scd for 31 inontlcs in 0.()2N ainmoniuui 
sulpluiic did not fail'. 
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.3.4.K.2. ( airhoiuite rrK-dia 

r ailure tif high slrcnglli steel by stress corrosion was icpuried, in partly treated sewage 
conLiimiig mainly carbonates (pi 1 = 8)', 1 lowcvcr, cold drawn and oil tempered wires were tmiml 
to be not susceptible to SCC in 8.0N iunmonium carbonatev 

Llccirocbcmicul poUmsaucMi tests earned out in sodium carbonate medium show dial dime 
is an active-passive iransiliun in which stress comwion cracking of prestrcssing steel could be 
e.xptxtcd*. 

rhougli, not much work has been carried out on the stress eorrosion behaviour of 
prcstrcssing steel in carbonate medium, service faihiius of prttsiressiug icihIoils liave been icpiHtcHl 
in the concrete containing carbonate ailmixture (('liaplei 2). 
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2 liverling. W !>.. ’‘.SucMC^^rmsion in Migh lensUe Wire”. Wire ami Wire IVdnds. Vd. VI. I9S5, 
n 116. 

3 AliHi^n, M .uid Andinde, M C., ‘Tlecliociietnical Behavinur of Steel Rcinfiaecmcnts in Ntt,CX), 
•uid NiilK'f Solutions in Krlnlion lo SoossCurtosionOacking'', Comis'ian ScieiKv. V.29. Nu.9. i9%). 
pp, 1121 1130. 


3A8-3.1'hnsphute nwdium: lliough, siressconusiun cracking of mild slevi and pure imn 
tuisbecn given by many rejxiitm, much woik has nd been done on the stress sY)m>sion susaiHibiliiy 
prestritssing steel in pliospluMe medium. 

Work done at (inCTRl on .*v(rC of prestresjung steel in phoApluiU; lu).s hccti discussed 
elsewhere in tills riiuptei. 

3.4.9. Work carried out by CECRl 

3.4.9,1, Nltrute medium 

I’utcntlodynamic Pulnrisution Studies 

Potoniiodynainic polonsauon behaviour of prestres-sing steel was studied in 1M ammonium 
nitrate Tinder sirc-sved and unstressed cooditions. At room temperature both stressed and uastressed 
specimens showed identical .u'Uvc-passivc behaviour, In boiling ammonium nitrate medium, 
snessed specimens showed unstable passive behaviour with larger critical current density and 
passivation cum*nt (kTnsily. I his indicated the existence of a .susceptible potential /one in which 
stress cxirmsion cracking aiuld he obscrvcil. 

(effect of I'otcntial on Failure Time 

Cathodic Pirtential 

It was observed dial in anmiuniuni nitrate medium, upco u cathodic over potential of biXim V. 
failure did nol occur. It was esuiblusbed by current decay studies that there was no current decay 
under cathodicully polarised conditions. 

Anodic Potential 

Under constant anodic potential, it was shown dial presuejtsing steel failed within a range 
ol -••200 lo -E12fX)mV Shortest failure lime was reconicd in die range -eTOO lo +1200. 

('iirrml-timc sliidicx sliowcd die |ircscnce of a cuncnl decay whenever failure occurred. 

Kffecl of pH 

.Stuihcs luirrictl out at conslaul auodic ovcrpoicnliul of- eSOO mV in boiling niiraie medium 
al dilfciuni pi I levels sliowed llircc ilirrcreiil /ones of pll dependence. In the pH range 4.0 lo 6 
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failure tunc inaeasod. lailure time rcmaincJalmost indepetKlcni the pi I range 6.0-9.0. At pH -10.0. 
no failure occurred indicating a limning pi I of 10 beyond which cracking did not occur' -’ 

F.nect ciTTcmptaiiturv 

I cmperaiurv is oncol tiie most important factorsalTcctmg (lie failun*. lime Speainens wem 
stressed to 90 per cent proof stress in 1 m ammonium nitrate and die ml lueiiw of temperature whs 
studied at -*-800 anodic overpotential As the tanpcraiurc decieHsed, failure lime inerea.seil By 
decreasing tlic leinpcraiure from I06‘l’ lohfl'^, failure time increa.<vcd fniiii 25 mins to64 minx. 
Below 6(y’C' the increu.se in fuilurc time wa.s lupid. Fracture did not occur below 40°(.'. 

Threshold Stress 

TIueslHild .stress of cold-ilruwn prc.sucssing .steel in boiling 1M ammonium nitrate wa.s found 
10 he 60 |xn^ cent of pnxif sire.vs whicli means tliat .stress plays an important role. 

Merhunlsm of (.'racking of iTestrasxIng Steel In Nitrate Medium 

I'uvsivalion of .steel surface l:ike.s place in tin: ammonium nitrate medium which is an 
oxidiser Dcptmiiing on llie polentiul. Uie ii.vidi.sing power varies. An active-passive bcluiviour is 
exliihiled (Iniform metal dLssolutiiHi occuis in llic purely active /.one -and no suc.ss coirosioii 
cracking (rossihility exists, lii die purely passive stale the passive Him is very adherent and 
ieiuiciou.s iliut film rupture necessary for crack 'mitialiiW becomes very difficult. .Material becomes 
S(.'(’ .susceptibile only in the aedve-passive uansillon /one. 

Crack initiation takes place by the rupture of the film and crock propagation by stress 
conceiitraiion at die tip of die crack. Crack propagation depends on die anodic dissolution rote 
which Is thermally activared proccs-s. .Anodic di.s.soluuon is independent ol pi I at low pi 1 levels. 
At very high pi 1, both iniliation and propagaiion pnK'CSses arc difficult to occur. 

film lonnaluMi is by anodic paxsivation ralluKhc polansalion does nol [e.sult m film 
tonnalion. Since nitrate is nol a poison, like, sulphiik’, nraimbirettion of aliNnie liyilnigen pnxliiasl 
donng cothixlic polan.s:ilion lakes plaa; resulling m liydnigeii gas cvuhitioii. Due to Ihesc facts, 
hydrogen enihrilllemeiil of preslressmg steel is ruled mil in iiilnile iiiediiiin. 

Hie imslel depicimg die iliffctail .slages in the stress coirustoi) crtiekiilg pn>ccs.s is .shown 
in I ig. 3 1. 

J.4.9.2. Hydrogen sulphide iiiediuni; Much work liO-s been done in studying the stress 
conosion cracking Iteliavimu of prestressing steel in hydrogen sulphide medium 

Effect of pH 

In 3.5 per cent Nat.’l soiiiiion saturated with 1LS. preslressmg steel failed upto a pi I of St ,2 
beyond which no cracking was observed’ failure limc increased cxiHmeiitially ax the pi I was 
Increased from 2.6. 

Ill die case of distilled water saluratcd with hydrogen sulphide die limiting pi 1 was Ibund to 
lx: anmnd 7.0. 
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I » 

( i) FffS FILM FORMATION AND (ii) STRESS INDUCED FILM 

PRODUCTION OF H ATOMS RUPTURE 



(hi) STRESS INDUCED DIFFUSION 

of'hatoms and concentration 

BUILDUP At THE HIGHLY 
STRESS REGION. 


(iv) BUILD-UP OF CRITICAL 
CONCENTRATION OF 
H ATOMS AND STRESS 
AND CRACK INITIATION 
BY DECOHESION OF 
METAL ATOMS. 





(v) CRACK PROPAGATION BY SUCCESSIVE 
OECOHESION 


Fir. 3.1. MoUrJ IH'pk'tinK Ihc lurioii^in Ihc .Slre» Currudon Cracking nf IVestnesslng .Slcel 

in Hvdn^gcti Siulpbidr Medium 

Increase in pi I was found lo increase ihc ihreshold sircss, ITwesliold stress ai pM - 2.ft was 
only 15 per ccni proof stress, whereas, at pll - 6.5. threshold stress was Nnit 40 per cent pmof 
.stress'. 

Mffect «>ri'eiiipvruturc 

Id'fecl of temperature was .studied at pi I - 4 in distilled water litiumtiod with 11.8' liiaettsi: 
in temperature was found to increase the failure time 
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Ltr^ct ori'otenliiil 

Caihcxlic polnniiathni was rmind lu decrease (Ik failure limeUraMically'Fk;yi)n(la caihudic 
ompulcnlial of 130mV. failure lime remains alinosl irnkpcmlciti of Uie potcnlial. 

Anodic poUirisution was found (o increase (lie failure (iine. 

Mechanism uf CrackiiiRof PrestressInK Steel In Hydrogen Sulphide Medium 

In hydrogen sulphide medium, die mcial surlacc is covered with a film of I with 
.simuluuicous evolution of hydrogen. Atomic hydrogen, thus, produced can recombine to form 
molecular hydrogen (gas). But the sulphide ton acts us a poison for the rccoinbiiiaiion process 
Atomic hydmgen gcisahnurtK'd on (Ik metal surl:tce:uid diffuses uilo ihe iiuilerial. i-eS film foniiul 
IS bnllle in nature and it nipliires at the weakest point practically along die giain boundaries. 

Diniision of aumiic hydrogen dcpcntls ini dK concentration gradient existing bciweeen the 
sm face and the core of the material, and the applied stress. Ihc stress induced difl usion orhydrogen 
results in uccumulndon of atomic hydrogen inside die steel in highly sires.scd regions At sullictcnt 
concentration which is time and .strc-vs dependent, die hydmgcn alinns brhig ahmil deaihesion of 
the nictal lauicc and txack is inihaled rrack pmpiigalion ixxms by s«x’e.vsivc decoliesion aiikid 
by stn;ss concentration effects and conliiitious build up of hydrogen atoms uliead uf die crack. 
Bnllle fraeliire of die iiuilerial occurs Mixle of failure is pfcdomiiuuidy iniergiuiiular. 

Different stages in the cracking process have been depicted in die model shown in Jig. 3.2. 

3 A9 J. 'Iliiucyannte mtdium: Stress corrosion studies have been earned out witli pn;slie.ssing 
steel in 20 per cent ammonium ihioc^tmatc medium 

IsHect of r<ilari.sallon 

It w;iK lound that tlx; failure lime ol piestn^ssing steel is reiliiced signincandy hy a calluxlic 
ovcrpolcnlial An cxpoiKntial dmiuise in failure lime with increase in coiesruni calluxlic 
ovcTiprgenlial'*. 

Wlicn lesicrl ul aii anodic constant over potential o^.^00 mV, prestressing steel did not fall. 

Thrcshuld Stress 

1 lireshold stress ol cold drawn and sires.s relieved prestressing steel was dcicnnined under 
caiiiodicallv poliui.scd condition (>(X) mV cathodic ovcrpotenlial) I lin^sJiold stress was found to be 
20 per cent of proof stress which is much below the pnKttcal design stress cncoiuiiercd in service. 

Screening of Additlvex 

To evaliuiie llie perfomiancc of additives, lesLs were curried out with 20 per cent ammonium 
UiKKiyanaic al 500 mV caduxiic ovcttioicnliai. Chemicals, like, thiourea, phenyl thiourea, 
licxumiiic and polyvinyl alcolial did not show any effect on the hydnigen cmbnUlemcnt ol 
ixestressing .steel. 
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(i) FILM FORMATION (ll) STRESS INOUCEO FILM 

RUPTURE 



• ' 

(iii) ANOOIC DISSOLUTION (iv) RCPASSIVATION 



(v) FILM RUPTURE AND 
CRACK INITIATION 



(vi) CRACK PROPAGATION 


Fig. 3^. Mudd Ucpictiog the various st«};c» in tbrStimCorrusiuD CrDcklnKufrmtreeisiHg Steal 

in .\niniuaiuni Nitrate Medium 

Lvuliiatlnn of the Lffert of ShotpMnlng 

Testing tn 20 per ccnl ammontinn Unocyanalc under a ettthudic ovcrpolcnluil nf 500 mV, 
was aimed out >iilh umlrollcd shulpcciied specimens ki study llie cfrcct of residual stresses 
induced by slKapccning ll was I'tHnid dial the failure time increased by S Ui 8 limes by siuH-peening^ 

I tiresJiold was also found to increase by SO per cent by shotpeening the presiressing 

steel. 

3.4.'>.4. TMinKphate: ll viTis stiown dial among vannus anions phosphate ion give rise to 
higlier hydrogen content which can result m embrittlement^. 
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SluUicN wUh pniMicKsini; sluci in IN have shown lhai failure occurred under 

p«)l:iri.scd and uii|io1ajised conditions’. Time-to-failurc was shoncr under unpolohsed conditions 
ttiaii iindi^ anodic cn ciaiuxiically polarised conditions. 

riirc-diold sucss wa.s a.s low as 10 per cent of prool stress of the material. I ailurc was 
ascribed to hydrogen cmbntUcmcni. 


I Rcng-wWiiuTiy. N.S., Va»u. K.I. and KcngstnaUium. B.V„ “Precautiuiis Aguiiisl Stress Cticiosion of 
Prcslressiiig .Steel”, PnveeiiingK rif the .Second National Conf. on IXH;k and I lartxiur [ingiiiecriiig, 
9 I2.l>cx IdST. Miutras. p.4SS 

2. RcngunaUiuoi, It. V., ‘‘('oiTusion and Slnrss Corrosion (Yacking of I'rcstrcsscd Concrete’*, Trans. 
SAliST, Vol.23.Nos 2 .3. Apr. Sept. 1‘m.j.p US 120 

J KenpaKwamy. N.S., Uaiapopaian, K.S., Vasu. K.I.. uiid Kcngiuiatham, B V., *‘Stress CorTi-«ion of 
I’resiressod Steel in Sulphide Medium", Hull. Elcx'Uocliaii. (51 Sept. tJcl.. 19R5. p -153 

4. Govimlamjan. S, and Kengaswamy, N.S., “Stress (‘urroiiion Cracking of Preatressint; Steel**, Pioe. 
NiiU'jnal Seminar on Ca>rr(*sion in Cimcrcic and sttber Iluilding Mutcriuls. Maali 24-25. 1990. 
Blumuvanun. 

5. keiiguswmny, N.S.. Rnmu. S., Cmvindarajon. S and Halaknxhnan, K., "Effeelof Shoipccning on 
IlydnJgctiranUiUkiiieiiiofPrestiessing Steel’*. Communicated to ’ComiKKin Prevention and ConiroT. 

6. Dcvaraian. U., and Bulokrishnan. K., Rcjniiilsof Sccv^nid Inti, Synip on Indu.cirial Oriented Ha<ie 
IJccnocliemistry. 19X0, p. A20. 

7 R.Mnu. S .n*d Rengaswamy, N..S., •’Slrc'is CocrtMioo Cracking of I ligh Strength Prcslressing Steel iii 
Na,in*(), mcsliuin", j*mc. of lOth Inti. Congress on MctollU;Ct*Ti.isicm. 1987. M.idrus. Vol.Ul. pJJ205 

3.5. Cornrsiiin Fatiituv 

I’uiluic hy corrosion falijsuc of prcslresscd membetrs m tairvito: lues been idciilincd 
(riuiplei 2). (xirrosiou faligue is the fracture ol metals under rcpealetl cyelie sires-s in corrosive 
eiivmMUiH:ni.s. A reduction in longue resistarKx; ol malenul isimcoiinleied in anro.sivccnviiX)tuucni.s. 

('orro.sion pits act as strc.s.s niiserN and iniliale cnicking. ('rack propagates until the cross 
sectional urea of the incuU is reduced to the point witeic iiltiinaie strcngtli Is cxccc(k*d and rapid 
brittle fracture occurs. I r,K.Tiired surface ctMisisEs of a lingc area covered with corrosion pnxlucts 
and u smaller roughened area ihie Hi brink: failine. ('oaosion fatigue failure is transgranular ;uid 
docs not sliow any hrantrliing of ciack.s. 

I'.nllgue l.imil or F.nclurancc I.iniit 

l i»i .steels and otJicr terrous matenaK the laitgue lite bt:ulines iiulqicndetil of strass at low 
sticss levels. If a mcuil is stressed below tins level ii will endure an inlinitc number of cycles 
witlKiut fructurc. 'litis is known as labgiie orenilinancc limit of tJic materia] in lluit enviroinneiil 

Corrosion laugue is largidy mllnencerl by oxygen coiueni, tcinrcrature, composition :iiul pi I 
of the cnvironmcnL 
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Much work has not been done on corrosion tntiguc belniviour of prestrc-ssing steel. Only 
limited thiia luive been reported 

rathodic pnriectiori iLSiiig 7 . 111 c coupling was sliowii to he un effective inellitxl to avoid 
fatigue uock initiatiuu of picstn:sMng steels in ".'a-water'^. l-'unhcr te.search has revealed that wiica 
flaws are present on the surface of the wire, ingress of hydrogen may promote u crack growth 
even faster than the crack growth at the unprotected conditions. It has been shown that catliodic 
ptxacciion in the optimum potential range of -7U0 to -900 ni V (SCK) showed bcncitcial cOccts’. 

Prevention of Corrosion Fatigue 

I hen: ore many ways to prcveni conusion fatigue. .*>nuie of die general preventive measures 
are given below; 

fi) A more cooroskin resistiuil muicrial may be uwd 

(ii) Cuuipnatsive stresses vun be induced uu Urc steel sutfoex v/hich van tcducx c'urr’Atun fnliguo. 
Nitriding or carburising or t|uciKhing below tnuisformatiou (cmpcmlucc enn produce surfiKc 
cvmprcs.sivc stress. Surface rolling or sbolpeening will ulso inducx surfuce compressive 
sircgscs. 

(bti (flings con be used to prevent iniuatlofi of corrosion pit which ciio propagstc. Out coatings 
are beneticial only when the suessmg is of the reversed type with zero mean. 

kFJ-TItENCES 

1. Sanchcx-Galvcx V., and Mimin, A.. “Cotronun Faligueof Steels in rVesbessuig Conactc'*, fVex. ItKli 
Intcmahnnal (Inngrcss on Metallic Corrosion, 1<^87, Madras, India, Vol.in, p.l493, 

2. Condeton.J., Hussain, I., and I'aikins, R.N., “Hfl^ol KocnualonCummon Fiibgucof Wire Ri>pc's 
InNeawater", line (!orro«, J.20t7,1VK7. pA, 

3. Parkms. lEN., Bikes, M.. SancbczAjalvcs. V.and Canbballcru, L, "Environmem SensitiveCrocking 
of I’rcsuessing Steels'‘.Curros. Science, 22(S), 1982, p. 379. 

.3.6. Stray Current Corrsadon 

3.n.l. Introduction: Stray curreuLs are produced in the ground when there is an clecincaJ 
leakage or wheiia |xaiuuiien( electrical eaidiiitg is not provided. When direct current i.s used for 
traction purposes or welding, the circuit l.s deliberately earthed, llie return current which «)ughi to 
puss ihiuugh circuiiry clcmcnis. like, rails in the ca.se of traction systems, often finds its way, atlcost 
pordy, ihnrugh ihc surrounding clcctrolyiic environment, like. soil, water, etc. Thus, an unintended 
path is mmlc 'live'. 

Any conductor which is present in (lie electrolytic environment su.statns dnmugc wiren the 
stray current pokscs through it When tire cunem enters the conductor, it causes cathodic effects. 
Am^ic effects ore produced at die point where the current leaves the conductor. In ;i single 
conducting material both iutodic and cathodic ellccts may be present. Out when the conductor is 
cIcctrictUly connected to the corresponding oicctrorie. only one of thc.se effects may be prewnl. 

3.6.2. .Stray current damage to prestreKsing xteel: .Stray eurreiiLs can affect piesIrc-SKcd 
ctrocrete siructurcs. in die following siluations: 


0) If th« Mructurc i< as.<ociaied with nr in c|<ise proximity 10 an electrifiod railway xysicin 
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lii) if Hviditii; o|Krtilton!i ittvolving dclibcnilc curdiiti]; utc carried out in tltc vicinity 

(iii) if lire structure is in close |>toxiinily of u cathodic ptt<lectioit system 

(iv) iluc to static cicctricul diiicburiics of liithtcninjt. incidences 

JiifiilitiH'cs III Itn lures t)f prcsiressed cniKTcte stnictuus ilnc tn stray ciirtvnl etUxts luvc been 
(Itsetissed in riiaptcr 2 

Stray enrreni cffcels tin prcslressing sled is iimre severe aiinparuii In reinloretng steel. 
r*restrcssing .sied by ils sniiiller cross •itvlion is pmporliiiiially nmre iieveicly arrectcU. Since llie 
piesirassing Med is always uiidei leasion, the tuiodie and ealbodic effecLs uie higlily luagiiified 

'Hieic IS a difference liclween posi-leasioned and pre-tensioned structures. In larsl-lciisioiicd 
structures liie lull Icnglli of liic wire Is under leasioii. whereas, in prcicnsioncd siruclures llierc 
is a reduction in tension at Uh? ends of tlie incsliessiiig wire. 'Iliis makes liic poM-lcnsioued siriictiue 
more seirsiii vc to damage Utnn a prcicnsioncd stnicliirc. 

Dtniuigc by stray ciureiil dilTers fttMii tlialot auiiosplieric corrosion. Almos|)lierieconosi(Hi 
in p[o|H)rlioiiul to tiie surface urea. When a thick bar is replaced by a number of thin wires, titc 
surface tuea increases ilius increasing atinosplicnc corrosion. In the ca.<<cof.<<miy curami damage, 
as the surface area incrca.scs the oineni density decreases, decreasing the seventy of the anodic and 
cathodic citccis. 

Anodic l’'.ITwts 

AnodicelTects tveur when the stray current discliargcs Imni tlic metallic artulucior. luimcly. 
presircssinc steel, I his leads hi an increase in potcniiul. fins causes corrosion of steel, knowm 
as .stray currenl etinosion As the stray current discharge is higlily conceniraletl in one area, the 
currosioii damage is also localised. Botli large uiusdic curienl and cuirent densities are produced. 
Anodic stray currenl products long tenn deterioraiion of structure. Ih-esuessing steel is more 
vuliKTublc titan minliircing .slocl, in dial even a small reduction in cross .section iiuikes tire wot king 
stress greater than Die permissible sircsss level. 

QtthiHiie I'.fTetts 

At ilic point ol entry ol the stray current caliuxhc cllect-s occur, leading to decrease in Uie 
potential (becoming more negative) I his reduction m poicniial lcad.s locvolutton of hydnigeii turd/ 
or reduction ol tixygen. Atomic hydrogen pnxJuccd m the caihixlic reaction may penetrate into 
the steel IVstrcssing steel, being under higli tensile .stress i.s susceptible to hydrogen cmbnitlcmcni 
under such cuUiodic ef Iccts. 

.Vh..k f'revt'otlon of stray rurrent corroslfin lire exUail ol damage dw to stray current ran 
be greatly redni e»l by rKlopling various preventive measures, ikscrrlxul Itcrc; 

ll) Stray cuneiili:;iii lx: avoideil by asiiig a proper leluin cable in dieciiciiiliy .TIicielnni uible 
of vciy low icsLstaiicc slunild lie icsed and iliicctly conncclud to tile p\)\\'cr .supply. Tlu; return 
cable shinild be well iiUiiilalcd .vo a.s to reduce any leakage. 

As alternating taimnil effcvl lees nol been foiiiKl hi pniUiKX siray cuneni, icsage of allcmuimg 
curieiil in place of direct cuneiil is reeoiiimeiuled. 

Deliberate earthing for rcliim current .should be avowled. 
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(2) Siray cufR'm ellcct iscx'nsKjCTably rvduml hy itiKulaliiig iltcxInicUm,- fly pnwitbng biiiiiniTi, 
nihW tx'^iniigs, lUc. u iiigii rcslsuiiio: byis am he inliixluccd Itelwceu Icakuig leiiniiiuJs and 
die Mnieiurc. Sucfi insulaiiitg type i»f aviliiigs am Ik: applied on die uiiiaetc Koifaec w> as 
III pn^'cnl lilt: How of cleeitieal cuiteiil Uuougli die system. 

Idiiiiinatioii of stray cuireDi ndd can he done by providing on addiiionul consiruciiun 
bctvicen return orble and die siruciurc. which should be connccied to ilr sypptying source. 
As per Uk- specifications, rcinlorclng nets in tunnels lor rail u-ansport with direct conncciicm 
to the substation can be used as a preventive rnca-sure. 

(3) (a) lly making the nearby environment less aggressive ur protective 

Use of good (|iKdiiy coiictcic, niaiiilctuuiu: tif high alkalinity and absence of cldonde make 
the damage less severe. iKidi undet cadiodic and anodic sites. 

(Ii) Ry iiiciea.siiig die area of sled die uiitxlic/catbodic cuneoi densities cun be reduced. 
Uius, making die attack less severe. In place of a dilck bar, a number of thin wires 
can lx: used. In such uiscs, idl die wires should be electrically connected. Metallic 
nialcnals of less structural imptirtance con also be connected elcctncally to the 
prcslressing wire, to incrca.se die surface area. 

(c) lly irsing a sled which is less sensitive to hydrogen embritilcmcm. cadiodic stray 
current elTcxts can be reduced. Application ol residual compressive stresses am also 
reduce die vensiuvity to hydrogen cmbnttlcmeoit. 

Id) Ilic structure can be elcctncally connected by pnipcriy insulated conductor to the 
m.iin cunt:nl line, wlien: the electrical polciitial i.s htglicr. lly thi.s, disduirgiiig stray 
Lumtni from the dectnilyle to die dectnilylic environment is avoided. Tlius. callKKlic 
cl feels can he complelely climinaled. In die ease of |ircstrus.ved coilcivlc su uciuies, 
by shotKircmling ilu; hum h of wires :md lakhig a single lead to die main supply line 
cathodic effecis can he avoided. 

(u) Newer niaienal, like, I'amtil teiidoiLs, wliicli ore elcciricully non-conducting cun be 
usitd in place of onitiuuy presire.vsing steel. 

3.7. MicniMal Corrosion 

I Jiidet suilabic unaerobte conditions, species, like, sulph.uc reducing bactena cause general 
0 * localiscil corrosion. Incidences of corrosion ol prestressing sicci wires due to sulpliiiie rediidiig 
bacteria Imvc been repiutcd clscwliere:. 

Aiuii.Toliic liactvria 

Conunon fonn of bacterial attack results frewn the mclaN)licpnK-us.s«3iof siilpluile leiliidng 
bacteria I.SRIl) in which sulphate is utilised under anaerobic coiidilion .Spaces isolated from 
atmospheric oxygen, especially sulphalcr-nch clay or organic soils below water table provide 
cundiUons suitable lor the growdi nl SKfi. In pH range of 6.2-7.8 .SRB ate most active, (’udiodic 
reaction in a corrosion cell rc.sul|s in hydrogen evululion. Depolarisation of hydiogcii uikc.s place 
in ncar-.anacrobic comlilumsby re’sidiial oxygen. SRB metabolism results in production of sulphide 
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ion which the meia), n\sulting in the Jisy>luiHviot nu'lalaiNl hwiimiKitiolTiictal sulpliiilcs 

in (he .'iiiihIic rciition I'uriltcr dissohition ol mcial ik .‘iccclcnilcd hy Uie iwesetice of sulptiidcs. 

Aerobic iiuctcrhi 

Sulfur oxidising bucierio, such os. (liiobucillus (hio oxidains arc capable of ntidisins sullur 
and sulfur containing compounds (o sulfuric acid 

2S + 30, + 211,0.211,50, 

These species can thnve ni pi I kwcis up(o 6.0 

Corrosiiin failures of prcslressmg steel due to bacterial attack have been identified 
(('iiap(cj2) 

PrevenUon of Microlihil Corrosion 

Some of die prcveiuive measures for microbial corrosion ol presircssing steel. 

(I) Pnitcctive Codtin«n< 

Ojating*. like, bitumen. |iolycthtnc wrappings, etc. prevent phy.sical iicecss of ibc hacteiiu 

(u) Chemical diiuifcction of the nearby environment cun be dune hy uiJdiiig inhibiturs, like, 
chromaicK, quaricmary deicrgcnu, halogcnuted phenulii, cte. 

liiil liec nil itself roliicc-s suipbnic reducing bacteria populaiiim. This can be dime hy pl.acing chalk 

urvaitid the iHiried slnicture which can pinvidc aomhic cundiiicins 

Nide 

It iia.s been found iliai hygroscopic grca.se provided a fertile cnvnronmeni for sulphate 
reducing bacteria resulting in the failure ol presircssing steel of a pressunr vessel, 

3.8. l•acfo^s Influtnclng t’orrmlon of rrestrt».sing Steel 

3Ji.l. Wuter-ceinent ratio 

I’refensioncd C-oncrele 

Nontially, it is found lluti concrete with highei water/cement lulio pnxluces coirosirai'. A 
low watcr/ci*mrn( ntlio of 0.49 lias heen recoinmciutcd. Ii lias been also sluiwn lhai even a 2 inch 
(50 8 intn) cover was inadequate wlieti the waiei/ cement ratio was 0.62. 

Percentage of corruston for .^Oiiuu covet was les-s than 10 percent in the case of w/c rauos 
0.49 and 0..65. But pcrcenlagc of corrosion was over 70 per cent tn lire case of concrcic with 
w/c ratio 0.62*. (Thioride lolerable limit depends on w/c raiirr'. A watcr/ccmeni ratio of 0.4 showed 
a ihreslxrld value of 026 per cent weight of cement. Interestingly, a lower w/c c'oneni rtilio of 0.2S 
gave a iluestiold value of 0.17 per cent by weight of cement. 


Other workers have recomtnemded an nptiminn w/c nilio in die laiicc of 0.40 to 0.45^ Tlie 
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|x*iitiual)tlily uxnkiciil wasshoNvii U) iik:icii.v lapiiUy beytind this limiL SlandaA] hridlx<-’ M^ctdculiinis 
(1 tSA) hiLs prcschhcd 0.35 and (>.S<) as ihc lower and upper limils rcspccUvely\ 

It has been reported that long term chloride permeability to Uic I mch (25mm) depth level 
was reduced by about SO per cent wlien watcr/ccmcnt rath) was lowered rn»m 0.51 to 0.40'. njc 
reduction was about 05 per cent when w/c ratio w-as lurthcr reduced to 0 2S. R fW A recommends 
a w/c ratio in the range 0.32 to 0.41 lor corrosion protection. 

In both omvcmional concrete and eoncicte oNiiaiiiitigcalduiu nitrile, uvrosion process wits 
ntdiiccd wluni lower wuler/ccmeiil ratio concretes were tested'. 

I'usl-tertKloned Concrvte 

In tlic case of po.st-tcnsioncd conuetc. die cITcct ol w/c ratio or grout on die corroeiion bus 
ikit becu studied in detail. But. a surs cy of post-tensioned bridges in USA reveals that the average 
w/c of the gniut« 0.35 to 0.45^ Over 57 percent of Uic pt>sttcnsioning syMems in USA liavc used 
grout widi w7c in diis ruiige. 

.3.t(,2. Ijrrect of ernrks Corrosion ol steel m concrete depends on die width ol cracks In 
die cast: of preMn:\sed nniiaete, both preslre.sMng aiul high sUeiigdi icituiteineiils lue coiidiitivc to 
denst:, impervious and non-absorhonl coiicrcU:. Tlius, cracking pavsibility Is niutli lcs.s in die case 
of ptvsbes.sed coiiiTclc lliaii ctNivcniioiuil reinforced cinicrcic. 

Sources of cracking in prestressed concrete bridgc-s are, (a) dcllection, (b) Shnnkage, (c) 
unsafe aggregates, (d) unsafe aggrcgatc-cemcnt combmalion, (c) cturosion and (0 Inisl 

111 die case of prcleiisioiicd suricture.s. dicre are reports dint fine cracks even tn Iteavily 
pi>liuled atinosplicie wac not dctiinienial to ptestressing siecF. 

llMensivc laboratory and field tests have showo that the aimmni and extension of the 
conr)si()n increases with increasing crack widths", ('rock widllis iiplo O.tXW inch (0. Iniiii) did not 
produce any corrosion, iw vT»:k widllis in die range 0. l-0.25niiri severe conosion of steel was 
noticed 

l.oiigiludiiial cracks frequently occur in die anchorage rones of preislres-sed concrete 
iiieuilicrs set-up by die concentrated forecs* '". 

In ilie c;tsc of poHi-iensioned siriH;liuc.s when tendons in cement grouts me stressed cracks 
witliiii the tendon bond length tend to occur at about 50 to 100mm apart". Bused on die work 
done by vanoiis workers, an up|x;t limit of crack widdi of 0.1 mill lias been specilicti from the 
point of view of cornision 

(Jracks formed in die grout drastically incrcitscs ihc ingress of aggressive ions and ga.ses. 
Carbonaiion front develops at die crack tip and pntceeds to die suifacc. Availubilily of oxygen and 
aggressive ions make die eiivirotimail near die steel highly corrosive. 

3.K.3. Cover; I rx prctcii.sioned concrete structures an adequate cover over die preslres-siiig 
steel must provide required pennaneni corrosion proiaiion 
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It is Turt ojKniiJi to spcdiy a rKnninal dear (.nver Rw dear awer aiKl iIk tvir diameter togetlter 
;«the ratio (7il^ delenninc llie comiMiHi rcMsUiiicc’ I-roiii |\vo year exposure studies, it has been 
sbiiwii tliat tor a \v/c ratio of 0 4*). an opiummi range ot C/d., ratio was found to be 2-5 to 3.0 for 
adequate prulectiun. 

It lias been found from the available Hicrnturc that the effectiveness of concrete cover is 
rebUve since it depends on its pemtcdbilily. quality and on the environment A minimum cov'cr 
thickness ot I ukIi {2.5cm) has been recommended by 111”^ In aggressive atinosplKTes the cover 
has to be increased to IW inch (nom. 3.8 cm) while for marine conditions a minimum cover of 
21^1 ft (nom.6.3 cm) is required 

It lets been shown tlutt wlicn the covw was reduced friMii 4 cm to I cm for a concrete with 
w/c ratio = 0 .SO. the penneabdity number mcrca-scd more Hum four times*. O'lality of cover 
depends on the quality of coiicrcle. Quality of cover can also lie expres.sed in tcmis of its 
penncability. DnV specifies a penncaliility of 10 mysec. 

It lias also liceii shown that the risk of long-tcmi conosion increased when tlie actual cover 
was less than IV, inch', l or usual bridge members clear cover of 2Vsi inch or less increases the risk 
of early comis.ion. Ixir concrete with 0.44 w/c ratio, a clear cover of 50 mm provided good protection 
dunng two years exposure. At the end of 2 years, the chloride content at 50mra depth was well 
below tlK tolerable limit. I 'or prcstrcissod concrete bndge superstructure the minimum clear cover 
to the uniensioncd rcinfortx'mcnt tind prestre.ssing cable has been stipulated as 50 mm and 7.5mm 
respectively by IKC'V 

3J1.4. Curing lYactkrs: In ilic ease ol pretcnsioned concrete members, the method of curing 
has been shown to affect the pemicability of uincrcic and corrosion of steel. 

1 or a 2 per cem calcium chloride containing concrete, steam cunng at 82'^C' (IbOV) resulted 
in more severe corrosion Ilian in concrete cured m water .it (l8f)T) after 3 years of exposure 
toindustnal atniosplicre'*. 

Gray bars in Ilie precast piestiussed coiiciiTc lucmlxas were liellci protected fiiuii cliloiide 
iiKluced corrosion if heal curciL compared to nioi.sl cured membcrs\ Over 83 per cent of gray bars 
ill heal cured pfcMxe.s.sed coociete piles and bridge decks did not develop .signilicunt conosion even- 
though ilic final chloride content was found to be 2 6 times greater tlian the tolerable limit. 

It is interesting to note that cvcntJiough heat cured precast prestressed members showed 
final chloride level exceeding thresliold level at dcptlis of about 37 5mm to 43.8 mm. they .ibsoibed 
30-50 pa cent le.ss chloride in lirst I" than nuust cured coiktcic I’cnncability of hetn cured 
AASH10 - Quality Concre te has been foimd considerably lower Hum Huil of 3 djiyx nmi.sl cured 
concrete 

f or Hie moiKl cured auicreie, the cliltu ide level at liie 25inui deplii was around 15-20 limes 
dial al .50iiuu de|^i. Bui Idrlical cured coiiaetc the chloride level at Z5iiuii was around 20 30 limes 
dial at 50mmdcpHi. 

3JI.5. Atmospheric environment: 1 liere luivv ba*n inculenc'e.s of failuutsof preslruj«ing steel 
during .storage and during the penod lying in Uie duct nil grouting. The reason for ilrese failures 
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was Jound aiinosphcric com>'ntin Aimasphctu- o>rn*non is Uic nialtrial (kimage caused by 
clicinicnl reactuHi of Uic nivinmuictilal coasUluciiLs willi (Jtc iiuitciial. In tlie aisc uf prcsiressed 
concrete Mrncliires nuuincenvinmincnL, cnvinHmiciil amtainiug iiydnrgcnsalpliulc and indwUnal 
auiuisplicrc aaiiaiiiing sulpiiur oudcsaie dctiinrcnUiL ('oiIkmi dioxide in (lie aUiurspiicTedcUtrioraics 
tlic conueic. 

Ihjirefaciioti of organic conipunds and sulphate reducing bacteria produce hydrogen sulphide. 
i*rcsircs.sing steel kept in coil rorm during storage is under ten.sion. I iydrogen sulphide attack will 
result in embrittlement of prestrcssing steel. Also, during the pentxl lying in duct after tensioning, 
hydnigen sulfide contaminated atmosphere a'sulls in failure of prestrcssing steel, f ailure of 
prestrcssing wire occurred within 10 days ol tensioning during a bridge constnicUon. Use of lamp 
black, sulfur, motor oil and kaolin at the site resulted tn hydmgcn sulphide pnKluctkni. 

Carbonaiion occurs when atmospheric carbondioxide reacts with concrete. This results in 
alkalinity dcaeasc. Any further ingress of aggressive ions, like, chlonde is accelerated. 

I liglily humid and aggressive gases ol steam locomotive liave resulted In long range 
lielciiiir.ilioii of bridges and over-passes. 

High humidity of river enviionnicnt and marine euvironmcnl also icsult in die uimtsioo of 
prestrcssing steel. 

it has been esiablisiicd dial the relative humidity in non injccied ducts reaches very high 
valuc.s, even upto KX) per cent. Composition of water within the duct was found to contain 
amsidcrablo anuiuni of chlondes and sulphates. Chlorides in the range 22U-335 ppm and sulphaic.s 
2K(X)4XK0ppm were found Hoot of l4ducLs. pi I value of the water was in the range 7 1 to 11,1. 
I .alHtrulory sliuiics .sluiwcd lluit |)fcslres.\iiig steel m tlicsc eoiiililion.s could luiilcrgu liydmgr.n 
lanbrillleiiuait'*. 

.CH.h. (•routingand guniting defects: tnipnipcr gnniling practices rc.'aili in swils within the 
duels. Very litgli hiiinidily is developed iasidc diesc voids wliicli results in localisal comisiun of 
lendoiLS. 

As liigli alumina ceniciil conuiiiis uilcuim Milpliide, liydiogeii suljiliide liheialiuii am ih.:c(it 
uikla moi.st conditiim. Tlierefore, use of high ulumiiin cement will lead to accelciaied corrosion 
of presires.sirig steel. RP ('onuni.s.sioiis Kepori of Pnigiie ('ongtes.s Iia.s banned die use of aluinina 
cements obtained from bki.st rnmacc .slag*''. 

In the ettse ol preicnsioned conenae gunning aimed oul for rehahililalion purposes, if not 
proper, rcsiill.s iu accclcniled comisioii If the guiiilc iiiorUir does not have proper hoiuliiig willi 
parent coniTClc, fme capillaries an! pnxlui'eil as tin; inleihac of die two. Tliis results in rapid seepage! 
of water nikl chloride. Sers rix* failures of some prcsttes.scd ciMictek: umks were due ki .similar lack 
of com|Kilit)iliiy l.\;iween new uinl old tonuclc. Fonmiiion of sand pockets dining gnniling, also 
-icrves a.s a .source of niolsiurc. I.ocolLscd aiuck of ptastressing .steel occurs in these regions. 

J.H.7. IvfTect of cMlcjuni chloride udditioii! there have been many incidcncci of .service 
Uilltu^ of prcsircsscd concrete, due to die addition of calcium chlonde for quick .setting. U has been 
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n-pcwtcd Out) stnrliiicslNUII vviUi ;iiklili(Hi (>r2 cent calcium dilondc hv weight of cement hiilcil 
inuLt very light hicul :u>d tlie tciiifoicctiicul wun found to be coiTodcd lucxe titan hal^-^^'uy tlimugli'^ 

IrTes(x;ctive of tlic type of cement used prestressed wire was found to he corroded ttl 4 pet 
cent calciutn chkHiilc solution'*. It was ulsoslKiwn tliat tlie addition of calcium chloride reduced 
tile teusilc [YOfxrrtics of prc.sircs.sing steel in concrete. As the concentration of calcium chloride was 
iticreased reduction in tensile strength wics more. By the same workers it has been reponed dial 
stress-relieved wires sufl'crcd more damage Uian as-drawn wires. 

Sevea^ ptiting of prestresitng steel w-as obscrs'cd m concivlc amtaming 2 per cemt chloride 
eKposrut to nidiistnat aUnaspliere for 3 yetus'*-"' Tlic type of cemenls and ciHiibinalion of eeinetil.s 
siKiwed little eMccl. 

Prvstressing steel in htgh strength concrete, 2 or S per cent raf ‘l_, addition produced 
supcrttctal rusting diinng 12 months exposua* to synthetic sejiwtiler'^'^. 

Severe pilling of prcsircssing steel wires has been reported by the addition of calcium 
chloride to concrete'*. KesulLs nl these workers were in line w lih earlier studies in that on incrca.se 
in calcium chloride addition resulted in .severe pilling. It wasaLso shown that prestressing steel 
in both ordinary ponland cement and Milphaic-rcsisting jHirUand cement showed almost the same 
degree ol pitting 

Cyclic wotting and drying nulnaxi rxirrosion of pmstrc-SMiig steel in eoiiciele with 2 per cent 
calauin chlonde^' 

hiting of prusiro*.siiig steel wtis roportal in concrete eonianiuig S per amt caleiiun dilofidi'^ 
Tlic Author also suggested liuit ciackiug of prcsirc.ssing steel in chloride coituuniiiuted concrete 
was due to pilling leading to plastic fraclua*. 

In awiaelc containing calcium cliloridc the presena; of large vouls :idjaa'.nl to Uic win.' tn.iy 
result in mi'rea.scd aMnision** Other workers liave also reporleil that poor quality or porou.s 
concrete allowed a more severe airrosion in Ihe prc.sitnee of calciinit cllloritlc. 

In the case of presircssed concrete piles, a 16 years exposure test has shown lh:u additon ol 
calcium cliloridc more tliiui 1 per cent by wciglii ol cenKiit tvsuKcd in wide .‘pavid msling ihronglKiut 
Uic prestiessing steel bar-\ In phi's not containing calciimi chlontk: preslnvssmg steel w'as almost 
Irce ol coiTosion. Calcium chloride addition more than I per cent rcsulleil in ilelerioralion in the 
elongation On Ibe conlniry, calciinn chloride iipto 2 per cent did not induce any dciaioiution in 
the racch;uiic:il properties of preslre-vsing MeeP 

(;hlnri(l« T'ul«nibl« l.lmil 

riKHigh u.se ol caleiinn cTiloruU: luis heai dcscoiiruged hy nuuiy itgcncies. sigiiiriconi lesemcli 
has been done to find out niiixiiiiiuii permis.sible chloride content for prestressed concrete 

It has been found tivu there exisisa Inlenihlr limit of chloruk: Ix’yiHid wTiich amosnin cfrarl.’' 
arc stgnilicanl I aktiig into consideration, all the sources of chloride containiiialion. vari(iu.s 
ageiK'ies liavu formulalcd slantlards for rx:nni.s.sil)lc cJilotidc IcvcLs. Table 3.1 
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Tahir 3.1. Maximum I'rrmitsihle tJhIorkli! lasYrl for FrestresMrd Cnncrrle 


Standard Specifiooiiun 

Chloride by wt. of cctncni 

BS;8nO 1985 

0.10 

Aa -31H 83 

OOTi 

IS:456 1978 & 1343 1978 

0.06 

CEB 

020 

Al!l 157-84 

0.06 

(for offshore structurcsi 

IKC; .SP 3>I989 

OriCi 


bi cuuiprcliciixiVL* study Ui dcicnnine the penuLssible chkvidc level in prestressed conacie, 
threshold water soluble chloride limit was between 0.11 and 0.17 per cent by weight ol cement'^. 
An upper chloride level of 0.05 per cent Wits recommended by some other workers. 


In Ciermany petmtssible levels ol chloride are 0.1 per cent lor aunent. 0.3 per cent Itjr mixing 
w.itcr ;uul 0 02 per cent lor aggregate. 

I )ata indic.ite dial a single permissible level of cliloiirk dues not apply for all enviniiutienls. 
Dissolved oxygen, electrical rcsisliviiy of contTete and moisture was foinid toaffect the chloride 
tolerable lunii. 

It has been shown tiuil tlK^ (olcmble Iniiil reduces a.s pH reduces. ‘Tliis clearly brings out 
the necessity ol a high pi I cnviroiiineni near the steel. 

It lui-s been found tiint in 0.04N NaOIl medium, prestressing steel lutd a chloride tolerable 
limit of 1000 ppni^\ It wh.s also sliowii by tlic .same Authors, using break-ilirough potential 
iucu.suiemcnu>. dial a chlruidc content of 3000 ppm could induce pitUng corrosion'*, 

In the presence of rnher aggressive antons, chloride tolerable limit was found to deerca.se 
rapidly, l-w c.xaniple. It was shown by anodic polarisation tcchntquc that presence of 500 ppm of 
sulphate tons, reduced the chlondc tolerable limit from 150 ppm to 105 ppm in 0.04N Mxliiim 
hydroxide environmenu 
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4. MONITORING ASPECTS 


IXIROlHICnoN 

In this CluptcT, tlic vaxitius tniiiiitiinug uspccLs tclevuni to ooii-prt:siR*ssiiig steel as well as 
pn:sinv$Miig stucLs axe clucussul. In aiJtJiliuii, Icelunques used fur studying tlic sliuctuial lesponsc 
are alsu incInduiL louuninatiuu uf ccuienigmuiisun imponant aspect and hence iccluiiqucs which 
lia ve been used to exaiuine Uic cuuditiui viTtniieul giuut and lu detennine the length of ungruulcd 
purtioiLs have been dealt with in detail. 

live entire Aspect hAs been considered under the lollowing six major heads: 

1. Coirusion DXjnitiiTing of nun-pi'cstroMing MecI and nf prestressing steel in pre-tensioned 
cajnvrcle 

2. t ’orrosion monitoring ol prestressing steel in post-tensioned eoncrclc 

3. Diiccl cxumiiiuliun uf cement grout and prcstrcs&ing tteel 

4. iJctcction of defevU in cuncreie 

?. Miwiioring the striH'.tural response 

6. Field inspection techniques and labomlory chemical analysis 

Wherever possible the equipment details and the addressee oi suppliers liavc been included. 

Il has been shown dial as on dale no loulprtNif nun-tlcstniclivu lechiiique is available fur 
quantifying die corrosion ol prestressing steel in po<u-lcnsioncd eontTcle structures Hven with 
regard toquantslication ol conosion of non-prcsircssing steel, ii is to he pointed mil dial Ihougli, 
clecirochciuical tccluuques, such as. Impedance Spectroscopy ami 1 .inettr Polarisation 1 echuiiiuti 
appear promising, large scale field dtiltt tire lacking 

4.1. (:nrrosi(in Mnnilorint; nf Non-Pre.slri!mln)> StiHtI and of Pruitre^isInK Steel In 
l*re-Tensli»iH)d Concrete 

4.1.1. Open circuit potential measurements: 'tile tendency of any niclal to react widi an 
envininmenl is iiulicaled by llie potential it develops on contact with that environment 

In minfoiced concrete .structures concrete acts as .an electrolyte and the reinforcement will 
develop a poieiiihil depending on die concrete environment which may vary from placc-io-placc 

'll>e probability of steel rcinforccmeni to tomxle is aKseioiCd by iticAsuiing the o|x:ri circuit 
potential (OCP) ol cmbetUled sicel widi respect to a siandaid reference electrode'. OC'P being a 
thermodynamic (|uanlity, as sikIi will ihU indicate die extent and rale of corrosion. In the vicinity 
of n corrosion silc in a stnictnn:, itie value uf corrosion potential will become IncrcAsingly 
negative. Accurdmgly, potimlial niuistneinaiLsiiuidc between a single liail cell and the amforcement 
may nidicaic pniliahiliiieK ol coiio.si(mi risk in reinforced c'oncrcic structures. 

4.1.1.1. Principle. ITie principle involved iscsscniiaJly the measunngof comwitm pmeiiiiai 
ol itihai wiiii respect to a standard reference electrode. 
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4.1.1^ Flquipntcnts nvvded 


High InipedniKe Voltmeter: A 
10 m (^^widi an accuracy of 1 10 mV 

voiunelcr with an input impedance ol more than 
is to he used’ 

Address of suppliers 



tu) 

flCI. liinitcd. bisintmcnis Dn., 
41 IJccpuk Building. 

No. 13. Nctiru Place, 

New Delhi-} 10 019 

O’) 

Hindustan Instnimcnls Ltd., 

704, Visbal Bliuvon. 

95 Nehru Place, 

New [>:lhi-110019 

(c) 

lliudusimi Instniuicols Ltd., 

80, {^tntiKx>ll Roud. 
lituuorc. Madrus-600008 

(d) 

Mocn Instnitnenlt (PI Ltd.. 

Bliuiul Industrial Esiule. 

T.J. Rood. Sevree. Bouibay-400015 


(c) UnivefMil Instriimcms Manufacturing Co., 
237 Ri/yuuiarial Viliam Extciksioii, 
Bangalore 5^0080 


RcfcmKc EJvctnxlcs 


llic ciccuicai potential of steel in concrete is coinpare<I with that of the rclcrL-iicc cell used. 
Ihc potential of any reference electrode with reference to standard hydrogen electrode .should 
remain stable and any secondary elfects, such as, thermal cocfricicnls. etc. should be negligible ami 
be a known quality. 

Tlirec reference electrodes amimonly used for potential monitoring of steel in conctete arc. 

1, Saturated calnmcl cloctmdc 

2. Silvcr/iulvcrchlandcdcctnxlc 

i. ('oppcr/coppcr .sulptMtc electrode 

Calomel electrodes ore widely used for condition survey of reinforced concrete suuciuies 
as live system offers gorvd .'.uibiliiy’. The system of tJvc elccuodc ts F Ig/HgCl/Sat. K('l. It luts a stable 
potential of 4242 mV at 25"(.' relative to Utc standard hydrogen electrode. C!aloincI electrode is 
prepmed ilv shown in Hg. 4.1. 

Ihc .sil vcr/.silvcr chlondc reference electrode lias a poicniial ol 4-220 mV relative to standard 
hydrogen electrode. Ihis system is stable and compact but costlier iJiiui the other electrodes. It 
has been reported dial curicni carrying ability of this cicctnxk; is low, boi photovoluuc cHccts cause 
mea.suremcmpcrturtKitions'*- Lictailsof silvcr/silver chloride eloctnxic arc sliown in Fig. -1.2. 

The cvmuiuuily u.<<cd rcrcrencc electrode is coppa/suiuiukd uiiipcr .sulpliaic electrode, which 
at 25T' lut-s a fnitcQiiul of 4-340 mV relative to suuidard hydrogen electrode. It is nigged for Held 
U.SC. Tluvugb. the staliiliiy is good, cupper sulphate solution functioning as u bridge between 
reference elceirodc and concicic reacts clicmically with pore fluid present in concrete and hence 
Uiis electrode is not preferred by some workcrs^ lliis type of electrode is prepared as shown in 
Fig. 4.3. 
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Addr«?w of suppliers 

(*) l''llci>lnsmuT)cnKl/(i1. (b) TiishniwA) llrciihers. (c) I til. 

St'itnaji (iuila, No 14, Hurtcii Rnail. 11-17, Sjniit N^^irlnduslriiil l>lalc. 

I Iy>lcr.)lMil I'Njgar. Madms IlyitefiiKkl VKIOIH 

4.1.1,3. I'ei hnl(|iie; llic* open circuit potential measutements arc made with respect to u 
relerencc electrode. I'hc steel rebar should be accessible in lew locutions lor giving electrical 
connections as .sliow n in I ig. 1.4. Ilic po.siiivc terminal of high impedance voltmeter is connected 
to exposed reKir and negative terminal (common) to reference hall adl. ITie .surtacc of coflcreic 
is divided into number of gnds. Mea.surement spacing depends on llic overall dimensions ol area 
tinder consideration for hndges and similar simcnires. it has been found convenient to use a 2 
ft (O.ft m) survey grid'"'' I he relerencc clecinHie is moved along the nodal points and 
coirc.vpondiiig potentials are recorded. Ihese are rererred to us cidier open circuit iHitaitial or 
cumision iHilcniials. As per A.SiM stundard.s*^. Uie proliuhility of reiiirorccmcni corrosion i.s as 
follows; 


CX'P Values in 

terms of 

Piobability (per cent) 

mV V* .S( 'h 

mV vsfSIi, 

more -VC limn 

miirc -VC ih.sn 


27S 

-ISO 


Itclwceji 

Itctwccn 

UrK.cit.iiM 

275 & 125 

350 A 200 


Miine SVC Ilian 

Mine tve llioq 

<10 

125 

200 



HIGH IMPEDANCE 

voltmeter. 



4.4. Elvsirical Cirvuit for Open Circuit Potential Mcauircnirnls 
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4.1.1.4. l-ahunitory investi(;ations: rN»l(!iilialtnca&uit.‘iiiciiE>iiiadcrai 124cuucxcli;sEil)Kor 
1.2 X 1,5 X 0.1S m dL%k>sed Uiui ()CP value ealcr iluii -510 niV vs CSI: was lound in some slabs 
iiidicaiing ilic active corrosion of longitudinal rebar embedded in concrete. Ibe prubabllily of 
reinforcement corrosion was more titan IX) per cent '. 

Work Carried out by CIsCKl, Karalkiidl 

HxtctLsivc .studies carriiul out try (T.rRI siiowed tiiul potential tneasurcinenLs are uiflucucod 
liy moisture content, chloride ion concentration, nature of cement and richness of mix u-sed'”. 
Potential lueasuiemc'tits were carried out using saturated calomel electrode in active (chloride 
contaminated) environments and in passive conditions. .Steel in concrete exhibited passive conditioas 
in presence of CE(!RI inhibitor admixture and in prc.scnce of CL'CKJ coaling. Studies were done 
in dry and wet conditiens. Sictvdy stale potentials arc more negative in wet conditions It was ;dso 
lixind tluii potential range was tdiiiosl the same m chtonde omlaniimitcd mul cJilondc free coiKtrete 
in wet conditioiiK. I Icntr, poiciitial criteria is iKit reliable for dLstinguishing between active and 
passive stale in suhinciged /rmes of the concr ete specimens. 

4.1.1.5. Field appliuitluiis 

(A) Applications to Reinforced CoiKrctc Structures 

It has been reponed by many workers that tliis technique has been extensively used to as.sc.s5 
bridge deck corrosion In U5JA"'' V Foiential studies were carried out by f'alilomia Division of 
I Ughways oil three diflcrcnt bridges in USA*. As tlic deck slab was covered with asphaltic couactc 
overlay, it was attempted whether llwrc will be a correlation btT^s^'cn potential measurements on 
sealed deck and actual probability of corrosion. Open ciaxiil potential mc;i.surements obtmncd on 
die deck were subject to much uncerttunty that a delinilc rrlationslnp between iIr- top ileek surface 
and softil potcntml ixHild not be i^!it.abli.slied. Potiailiul studies iiuulc on aspliullic cocim'.te overlay 
on bridge deck showed that potential values varied with time leading to huge emirs in potential 
value. A ctonskkrrable irKieasc in potential vidiKt was ohservcil on an cjsixy sealed Nidge ileck wliidi 
iiKlie;iled llial open ciieiiit jxaential inea.MinaiK'iilsuuinoi be taken as a reliable ciiUaiiHi in asse.s.siiig 
the condition ol rcboi on sealed deck. 

I lalf ccll poicmial survey was employed in four siorcyed concrete parking structure for 
ascertaining the comrsion ol rebar cmNnlded in concrete haeb lliair areas was W5 in’ and can 
.'leecunmoilalc 12X cars On second I loor, ) areas and on third I Iirh, 2 areas were leslexl Only in 
orK*. are.a, 52 polcnlial d:<laonl ol4X we.reaNive ihe lliritshold viihieof>550iiiV vsf'SH Higiiesl 
values oNained wim; *550 mV wlneh indicated VO per «ail proliaNlity of reinfonxiineiit comisuni''' 

It lus lx:cn reported lliut extensive cracking in lloors of seven storeyed parking garage 
consiincicd in 1971 in bkalli America sliowod licavy dclcrioratiuti due to rcinforviiig Nir comwion. 
It can p:uk 1627 vehicles. A total aa-a of 7530 m’ was surveyed lor clccinc pMcntials. ANiut 5.9 
percenter lloor area measured piik'iiiiols between-2(H) mV and-350 mV vsC.SL mdioiting that 
connoMun activity had initiated only 0 2 per amt ot IIckit area nuvisured potciuiaK greater tiuui - 
350 mV Vh C‘.SI; indicuimg more than 90 per cent probability of corrosirai'’. 

Activity of coiTosion ol rebar in concrvie columns .ind Nileofiies was tested using tins 
iccimiqne.. ('orrtHk’drcintornng.steel was idenlilied in llie I2lhanil 20l)i lloorol the Niildtng using 
o|k:ii circuit fiolciiliuJ nicjiMiicmciits'* Otliei rcfKnl.s which include results of bridge survey arc 
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fivtm Pi>(ct)iuil survey iixiuiiquo IvtsalMi lx:cti eiuployoil in diinuicy stnictiue^ ftv assessing 
(iic a>ti(li(ii)ii of rcinfortiiig rods in concrete. 

Work Carried out b> CECRI, KaralkudI 

IVMentinl studies in Hk case «*/ a bridge siruinire. 1, wincli was uikJct disiiuss iitdicaled more 
than .SO per cent probability of cunosiiai*. Only i«te portion of tlic deck showed a highly negative 
OCI’ value of -6f<0 mV vs SCL indicating 00 pcT tx-*m pmhsibiliiy of anrosion. Simihir potcniial 
nicasuremeiils when made on a bridge sirucinre II which was in giMsi condilioii slaiwed values 
In this range -2/S to -40 mV vs SCF, tit 3 loailioiis unhealing less than 10 per cent pnthubilily of 
COnrtSKWt. 

Fslensive studies camul onl on dificrent tneuiltcts of various bridges indicaictl 60-K0 (H:r 
cent protvibiliiy of comvsion in liriilge III while in another Bridge IV, deck slab showed 70-90 
per cent probability of conosion. Nnbstnictiue sitowed 100 percent probability of corrosion-^. 

iHiiciiibil measureineiiLs niadc on vtuious members, such as, nsof slab, sunsliadcs. beams of 
a inultisloreyed lesidential building revealed dial in many places ()CP measurements indicated 
90 pet cent probability of severe corrosioif^. This agreed with the visual observations made on 
tile suucture winch revealed the presence of spalled portion of concrete and steel rebans were also 
exposed in rusted condition. 

(B) Application In rrwtrtrssed Concrete Structures 

I^Rcnilal survey technique has btvn employed in 33 prc-iensioncd omcrrie I\^'^crvolrs in 
Califomui'V lYcsixcivsiiig wire to niurtar p(XctiU:il wasotmuitcJ using CSH, High potcntiul leading 
was due to effeci of gul vuni/.cd mesh placed over die pix-stfcssing wire for holding die mortar, 
A non-lincur rclution.ship betwt'cn corrosion danuige UAd potoiitial was obuuned wiih die Scatter 
liiugiam. hilenlialsof 16 reservoirs were drstributed with a iiieiui value ol -150 mV widi variations 
of ±40 mV vs t.'Sli. Tills technique wat used lofasccnawuig whether prcslrcssing wires were 
corroding or not. 

Tins technique was also employed lor assessing die extent ot corrosion acimiy in 
picstressing sttxl oI K(<utc-7-viaduct, prctensioricd bndge stnidure, Clnisigo’* lliglrsl negative 
potential observed in one area lor corrosion activity, did not .igrce with the resulis of visual 
examination, whereas, dome amas .showed good correlation between visual c.xaininution and 
poteniial survey .Surveys of cleiTncjil potential m«'a.surcnienl.s in jHe.sUes.scd girders of O’ I lore 
/Vrport Bridge Leads slnicliiru .showed that ‘Cunlei 3’ was woiM uffccicd due to corrosion. Alviui 
53 per cent ol the potential data was in the range-2(X) to -350 in V v.sCSH and 14 per cent of die 
rcading.s wca* more negative llian - 350 mV vs C-SH indiutting .50 per cent and 90 per cent probabiltiy 
ol corrosion rcspccnvcly 

I'oicniinI sla vey made on six post-tcn.sioned girders of Sixtb-.Soulh Street Viadiiei re.ve,-iled 
50 per cent piobabiliiy of ccaro.sion as the (XT values were widnn the range -200 lo -350 in V vs 
C.sii. However. liuspccUoii of prcsiressing icnik>n in posl-lcnsioned gmitas was not feitsiblc. 

Ibis technique was applied lor iiispsHling the corrosion of pre.strcsscd wires of Rodeo 
UcsiTvoir l*resia',ssiaJ C oncreic Tank of blast Bay Municipal UdUiy Dist.. California Llccnical 
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citluicciiiin w:is ^ivcn to l‘X(x>.sl‘U {iicslressing wiiu. ('arrtxkd wires were found where (X*P values 
were Ixilweeu -300 lo -620 mV vs CSI-’. Bui in some areas, wire corrosion and potential 
measutemeuLs did not coneiale^. 

I'otcntial survey iiKidcon posi-icnKioticd ijinlers of die (iandy Bridge, i-lorida, revealed die 
extent ol lOUil conoMon aetmiy in both steel ducts and nids. fXTl* values more negative tlian -350 
ni V vs f.'Sh wtts ohiaiiicil on die steel duels of girders I and 2 of Span No.274 indicating severe 
ComKitHi” 5 prestressed and 2 post-leusioncd lieam of Intra(!oaslul Canal Bridge. Padre Island 
i irivc, I ISA were surveyed using diis technique. In posi-icasioncd girders, potential readings wca' 
oltiained on internal surface of walls of bo.\ girders. C)CP values were less negative than -2(X) mV 
vs C,'.Sli indicating no corrosion activity. Thts was in agreement with visual cxamin;iiion 

Work Carried out hy CKCKI, KaraikudI 

(K'P ineasiiremcnis in various siruclutal members, such as. girders, diapliTiigms of a 
piesircsscil concrcu: bridge in Orissa was made by CliCKl to understand the extent of nrsting on 
icinfurccmentv*. Most negative (X P values in dilTcreni sections of the Span No.9 ringed I rom 40 
to -380 mV vs SCE. Very high negative potentials of more than -300 mV was obtained on gu-dore 
and diuplinigms Indicating 50 00 per cciu .severity ol corrosion. 

Since the prcsucssing wires are housed with the metallic cahic sheaths, cable sheaths will 
act os un intermediate shield and il Is not possible lo make use of this potcnnul survey technique 
for monitoring the conditions of prcstrcssing wires in post - tensioned .system. Potential monitoring 
cun be applied paiticularly lor assessing tlic comiston condition ol metallic cable sheaths ixily. This 
icdiniquc can be applied lo prestressed concrete membm for assessing the pnibabiliiy of conuston 
of nonprcsuics.sing steel. 

Other New rerhnlijueK used fur Monitoring OCP of Steel In Cunercte 

1 be Research I..aboratory a( TaywiKxl P.iigg., U.K., lias developed tlie following corrosion 
monitoring devices: 

1. IMenlivl Wheel, und 

2 IXitii Backet 

Ihc-sc two cquipmcnl.spnmde efriciciii iiicUuid of inca.suriiig corrosion potentials for in-sUu 
mca.surenients 

Potential Wheel 

Potculial wheel can be used to identify ureas of high and low corrosion nsk by Mirveyirig 
die structure. Il enables a lliorough and quick tnvcsllgalion ol Uic stnicmn: Poleiitial wliccl is 
actually a lialf-cell witJi a wheel at tip. Wheel is placed in conUtcl willi the ctiiieicle. It ts then 
drawn on the surface of the .structure to provide a continutHts record of corrosion jioicniial". 

Path f'inder 

III sUiiaiions, where large numlicr of potential measuremenEs ore to be earned out. II1$ 
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convenient to use ‘P;nl» hmJer’ which is incorponiicil wiiti X ruleruncc Icill-ctils to ciuihle ix«iiuiiioiis 
inoiiiliniiij! rapidly McasuicinciiUs ;uc iiiailc a^iiist copixriAciluralccl coppci sul|iiiaU; clcctiodc. 

A kuv.c iiiunivf of Inid^c ikcks ofSwivs I li^hways have (xx‘n invcstij^alcd using ciglil wliarl 
cleelrode-iiicasuieiiietii syMciii willicoinpulcr coiilroticd daUi facililics. ()n comparing stale of 
cotrusioii (d rclnu' willi cquipoicntial mapping, poicniial values uhlained showed that polcniiul 
ciilei la fixed as per ASTM (‘876-80 (-350 mV vs CSH) aclivc corrosion does nol exisi^ 

Address of suppliers 

Poleiitiiil Wheel and Data ituckel 

< ‘NS I lecironics I id. 

M-63.1 lolmcs Kivid. 

l.ondonN\V.S3AN 


Palh Mnder 

('olchrand I tmiled 
(‘olcbrand I louse. 
20. WarwKk SirccL 
la»ndonWIR6Hl‘ 


4.1.1.6.1.lmitalioas: Itiis lechiiu{ue gives only a qualilalive data. As (K'l* values me 
innuciiecd by iiioisluie coiileni iiieoiicfele’"-", valid elec liital (Hileiilialsiiiay Ivoblaiiied, with 
(iiopci |irccaulions at any lime o( die year bui during dry season, concrclc should be prewelled a( 
dic^ poinis where(H'Pis lo be laken''. Moiiiloringorreinlorcemenicorrosion by ihis lechniguc is 
nol reliable in submerged /.ones and hence applicable only lomi apparenily dry surlaco"’ < K‘P 
v.ilues lire lemperaturc ilcpendenp*. 

4.1.1.7. Ciiriclasioir. As dns tcehiiique gives only a c)ieihiative daUi, (X1* riieiLMireuients in 
iLsetl caiuiol Iv laken as a reliable cailerion lot avsc*ssing die condilion of leteii in cone tele. (X 'P 
nieasureinenls fvove lo tie eironeous w hen concrele surlace is sealed wilh some overlay or epoxy 
lyiH'ol coaling. I his lechnique can lie used foi asceilaming piobahiliiies orcorrosionol inelalhc 
cable slieadis lying in posl-lensioned pie.stressed coiKrcic sUiiclures. iiquipmciiLs. like. p.ilh lilKlcr. 
IxHeiilial wlicel, iLila buekcl. clc.aie available lo niakeconlinuons poleillial nicasuremenis. they 
ciui al besi iiuhcate active .ireas but .ire subjec’l lo die same himialions conneclcd wadi open circuu 
[Hitenli.il mcasuroincnis. I'licy Can give only qu.ilii.ilivc data. 

Kinaoxi-?; 

1 Siniiinl. K I lliehvv.iy Ki'scarcli kL’tniil Nill| 7 I97V2I 

2 Slumiutd Icvt Melliud f"t Half cell h>lciiliiil'< of Reinloiccsl -Xlccl Infuncrclc. AS IM C K76 KO, 
Antiuul llookot AS IAI SlundurtU. 

I < iionviilil I <) uiiil Arup. II “I iH4lis.iniiiii>l (i>nidmg UcinKsvemcni by l .lccmvlicmie;ii l\>icntial 
Stnvcys". I*ri*ccedingv <>f ilic KM I'M Syiiipi:".ninv on (.lu.diiy ('otiirol ol Sinictural Cirncrcic, 
Siocklii'lm. June 1970. ji|< 251 258. 

4 lllcdyK jnd li.iwson 11..‘M1icMejjiUrctiicnU«f(\>rrosi<m Using lilcxUvvlicintcul Noise", |■>.^no^lol| 
Seicnec. V.22. 1V82. No .V ppJ31.2.i7. 

5 Amp. 11 . ‘'('oiicit'le in l|>c( Vcjjk". P.ipcr S(k‘/S 1 

6 lii'ulwiKc K I .ind SlfW;iil. (' I . ‘'I'ir.M l•lev■lrlcal Measururnenu lor llndgc Decle Membrane 
PcinicMhilily iinii Reinh'icing Sicel <'oni»i"n", Ke|\'ri No CAIIY 111)71211. pp 2V4-5<W/2. 
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4.1.2. Surface potential measurements 

4.1.2.1. Principle: During crnrnsion pmccss. an dcftriconrail (Itiws between live cttllKniic 
ami aiHMlie sites IhriHigh the UHiCTeic ami llti.s fltiw can tic delected by nica.surcuient nf ptUential 
dnip in (iKt eoneretc. I Icik'C, .siaface ptitenlial incastirnncul is used as a iiiai-dc.slxueti vc testing for 
ideulifying aiKxlic and catlHidie regum in uaiuele stnieluie ami iuducetly dclecling Itie ptolxihilily 
uf ctinii.siiiu (if rebar in etiucrele' 

4.1.2.2. Fa|uipment.sneeded 

(1) A high impcilaiKc voltmcicr 

(2) I wo standard rcfcrciKcclccinidcs 

4.1.2.3. T'etimique; T wo reference clccirodes arc used tor surface poicnual measurements. 
J he electrical circuit lor (his system is shown m Fig 4.5 No pliysual ainneelion to the rebar is 
necessary in tins technique 

In lilts mcasuri’menl, one eleclnxlc is kepi lixed on iJie slnK-limt Tlie oilier eletliiKk;, called 
moving eUa'.lriHle is iiioveil aliMig llic .slinciiiic on Uic grid. Tlic surface of llic structure is suitably 
nuiikcd holli vertiudly luul lioii/.taitally at 2()-30t.in intervals. Tire ixHeiittal of movable cIcetnHlc 
wlien p1:r:m 1 at ihxbil (xhnis is ineasuicd against llic fueJ elccUtxlc u.Mng u voluncter, luiuiputcnlial 
eonloiirs are plutled as shown in ITg. 4.6 to font) u contour map of ptiicniial gradients. A mure 
posidve pigeniitd reading represents antxJlc areas wherectxmsion is passible (Note; In the case of 
OCT, a iiUKC negative potential region represents amxltc areas). Tltc greater tlu: ptgenual difference 
between anodic and catliodic arcus, greater is the probability ot corTo.sion. 

4.1.2.4. LulMrutnry investigations 

Work Carried out by CI'X'KI, Karaikiidl 

Surlaec potcnlial inea.siireinen( sUhIics eairierl out in icinfiHCCd concrete specimen kept 
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HIGH IMPEDANCf 
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REFERENCE 
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_FIXED REFERENCE 
ELECTRODE 


1 •!_ 

« ^ • • • • ■ . 

--T 


^ ^ ^ ^ 

- . • - - ^ • . *1 
-r 


REINFORCING 

BAR 


Fix- 4i!. Electrical Circuit shuHinglHti reference EIccIrudo uwd fur Surface Putenliul Maourcmcnlv 

fttutially ininiLTScd in 3 JifTcrem solulionih naniely. distilled water, O.IN NaOIl and 3 per cent 
NoCM solution indicated that only in Uk* ease of 3 per cent NoCI, immersed portion remained anodic 
iliroughuut the test period of 2(X) days^. In other environments anodic and cathodic rcxinn-s sliiftcd 
positions with time. No appreciable potential dineamcc between 2 regions was observed for 
conactc specimen subjcci to oonnal aunosphere conditions but a dnisuc increase of potential 
dilfcrcncc as high as 3ll0 mV vs CSli was observed tn saline, conditions I his wrwk by Cl'.CRI 
csuiblisbed that only chlondc conccnuation cell can bring ;tboul appreciable ptHcnbal dil lerciice. 
Il was also sliown llul no coirclaiuHi was oblained b«;lwt'.en surface polenluil mcasiimmenis nn<l 
avTosion rale 

4.U.S. Field upplications 

(A) Application to Reinforced (.'oncrele Slnictiirrs 

Slrjiiful, in I0S7 lues .ukipleil smfacc potential iiieasureinciils us a inelhod of ileleciitig nctiw 
conositM) urea in San Malco llayward bridge, (!ulifon)ia’. Poicniial measuiemcnls were made with 
rcfcnMtcc to copper copper sulphate clcctrixlc. I^icntiol Distribution Faticm idcniiticd Uk aticeted 
areas ot corraston in concrete pilings, caps and main deck beams oi the bridge structure. I’lHcnual 
mapping was also made; on 16 different sp;tns ol this bridge It was observed that aninJic and 
cathodic areas were sep:iratcd by a distance of 2-ID feet in R.C. bndge deck. 

Tilts technique was employed on an ah:it«inir.d Reinforced (Ainercie Rilitigs witteh was Icfi 
for 27 ye;irs m s:dt water eiivmuiiiieiil al the bndge .site. Ttie measiircmenis in<lic;iied lieu aiuHlic 
and cathodic amis were sepiiiated by a ilisL-uieeof one oi tiiore feet. In annliiet pile, luaximmn 
|NHeinial dirfetcnccs hctwceii .'UKnlic ;uid catliodie areas on die suiracc of concrete was -^tXl mV 
vs ('SI: which Ls indiciUion of sleel rebar icimiining in active comxling cundilion. 





252 



Flg.4.6.Typic(il lujaipotcnlial Omtiiur^ rJituincduDaliridi^ in Oriicsa 
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Deck evaluaiiun was done using tliui lechniijuc. AncKlic sites were identilic-d in (lie bottom 
ot beams and wavy lines obtained on the cquipotenttal conuiur ol siirtace potential nieasuremcnts 
represented cnicks in concTcte. 

It lias been n;|)orle(l dial wlictievei a ])i>ien(ial difrerence obtained on concrete structure is 
not more ttum ^0 mV, it indicates tkit steel remains in passive condition, whereas, if smface 
|Niiential dilferetice exceeds 100 inV vs CSE, it indicates active corrosion ctxidition'*. 

It luis been reported (hat for precision of locating anodic sites on the bridge structure, a grid 
spacing of 2 ft is necessary'. ’Iliis technique lias been employed by Danish Corrosion Cenire for 
assessing the probability of corrosion in cantilever Ualeomcs. Tlie me;isuremcni spacing chosen 
was of u close gnd of 5-10 cm. 

I Luis Arup ct. ul.,* Iiavc carried oul surface potential measurements on 7 swimming pooLs. 
2 parking docks and also on concrete lank and concluded that this technique can be usc^l to l(K.’a(c 
actively corroding areas of steel in concrete. 

Wnrk Carried out by CliCRI, Kuralkudl 

Phis tecluuquc hies been used loridcnufying anodic ;uid cathodic regions in vanous members 
ol bndge structures 

Surface potential mcusiucnienLs was cinploycil in different uicnibcrs of bridge suuctures for 
Identifying the mom uiuxlic areas in Um suucture^ Maximum surface potential differences were 
obtained on girders, diaplmigms and solTit ot deck slabs which indicated Uiat active corroston has 
set in many places of llie alNivc said structure. 


Surtacc potcnual measurcinents obtained fora Uiidgc ‘A’ and lor mother Bridge ‘B’ issiRiwn 
below*; 


Octuils 


M.ix. S P difference (mV vs SCfi) 



1 ocalHin 1 

I.Lviiik)n2 

l.ocation 3 

Lwalion 4 

Bridge ‘A’ 

(under diMrciu cimdilton) 

.W) 

DU 

268 

m 

llriilgc'(!' 

(under gi.iod condition) 

2KS 

l«) 

148 

262 


It can be seen dial potciiliul differences in liic case of u dcicriorated bndge me invariably 
higlmr when compared to iJiosc values obtained in an uppareiitly sound bridge. 


Invesligulions cnirictl nul in a power hou.se building revealed lliat this technique. wIk'ii mmlc 
a(\ei ap(vurunce of crucLs in concrete slruclutcs was not useful in identifying tile conYiSuiii sites 
as initial culliodic and umxlic areas liad shil ted. tins was due to rcpassivatioii by conuct witli air 
klue to curlier corrosion'. 

(II) Appllrution to l*reslr«wed Concrete Structures 

li h:is b«;en reporlcd lluit surface polcnlinl diffeTeiieesuf .iboiil I SO mV vsf'.SI: was fiHiiiil 
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in pa'-tensioncd pn.'stTtsM.-U concrete tanks. < ’alilomiiL where anodic areas were present indicating 
the airros'ion unidilinn ni picstressiiig wires' nicri)' and Miller"* Itave investigated the anrosion 
o< pn^sta-ssed conen-lc pipe using tills lechniqiK'and ohsiTsed iluii initml iOKXlic and cathcxlic iireas 
luid inteicluiiiged position alter the test |x.'riod. 

Work Carried out by CECRI, Kurulkudi 

Surlacc potential niea.surcincnLs were made on ditTcrcni spans ol a presircs.scd concrete 
bridge in India". Kcading.s obtained on box girders sliowed Uiul more tlian 75 per cent of the 
portions of two spans indicated dial variation in nuixinium potential difference of 2<X) inV exists 
wbicli may po.ssibiy be due to salt coucentratiun effect. 

Cl-CKl's investigation revealed that maximum potential dilTercncc in various sections, like, 
girders, diaphragms, IcKUptiths of a bridge structure tn f Irissti viukxl from 68-128 mv". In most eases, 
values vvere more than 150 mV except 2 values which were less Hum 100 mV. In another span, 
maxuniim potential dilTcumce ranged Innn l05-4?’>mV iiKbuttiiig liiglKT probability of wnosion 

4.1.2.6.1.imitations: Some of (Ik: earliest workers* " Itavereportcil (Ik; sum'-ssful uscof ilus 
lediiiiqiic I riler piibliciiUous by Slate of C aliloiiiui Research Tc:im’ adviscrl agaitisl (he use of Ihis 
System due to iLs Inuhility to monitor ahsolute poleiitiul. EvenllKiugh (liis technique does not lely 
iiiiiuiy electrical continuity ui die leiufotccmenL, cluKisiiig ofa sound uiea of sttuiiuieslHiiild Ik: 
made for the slude electnxle posidon to avoid any pmtilenus due to delaminalioas in aHicicIc, wludi 
may increase the vuiiuhility of measured pitlenliuls. Allhough, anodic and cutlKKlic aieas an: 
identified, die surface potential measuremciiLs recorded arc only forcomparadvc .studies wliicli lielp 
ill mideislaniliiig (lie cliaiiges iK'ciuiing ini iIh* slnK'liire*. Tliis system mUuInces a Ue.sistivity tacior 
fia ascciUuniug die pmliabiUty of aimision in cunercte structures. 

4.I.2.7. Conclusion. Surfaceixilenlial iiieusuremciiLsby iLscll will ihK indicate conoMoii 
beliavioui of rebar embedded in conuetc. It is to lx; coupled witli (he Kesisuvity measurements to 
obtain a parameter ‘(.'orrosion (\*11 Rado' fra usscssing die conosion of reinforcement’. 
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8. Rcngui'wumy, N.S.. Sriniviwan. S.. Bkluxubrnmaniui, T.M., lycr, Y.Mahadcva, Nayak. N.IE ami 
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4.l>3. Ciincrvle re.sisllvily .survey 

4.U.I. Introducliun: Kosislivily orciNicnUt: is a rinukiiiiunlut pnipody which chitr.tcicn/cs 
tJic quality of concrete non-dcstniclively. Blccuicol resistivity of coiiactc Is an iiiiporlitnl piiir.nnc.it;r 
which can he related to various oilier aspects, .such as, sirengU), ponisity, tlclerioralioii, etc. It is 
well known that the reint'orcing steel cmltcddcd in concrete is protected by die coiaretc cover and 
tlut thi.s protection is mainly due to the high alkalinity and the fairly high clecuical reslsuince of 
concrete. 

As tlie electrical conductivity in hivdcned concrete is on electrolytic process which mkes 
place by ionic tnovcmciit in the pore fluid of cement maulx. conduction proces.s Uirough concrete 
IS inllijcncexl by cllcct.s ol aggregate and capillary pores in concrete' '. 

Resistivity of uiucreic is dependent on the ptopcTtic.N of cement |iaste aiul moisture coiiiaii''. 

During any corroston proces.s. conasion current has to (low from anode to the cutlhxle sites 
ilifoijgh the electrolyte and the resistivity of tlic electrolyte has an influence on the flow of tltis 
corrosion currenL In Uw case of reinforced concrete structures, die high electrical resisuuicc can 
impede the How ol such curreni.s. However, re.sistivity of concrete has been found to vary 
considerably depending on the moisture content and other soluble sails present in the concrete.. 
Hence, depending upon the resi.slivily of conerclc, die comision pnK:e.s.s r:an be sliflleil or 
aa'cteraled. Several workers have Ifiol to correlate resistivily of coiu:rele with die possibility of 
comi.sioii. Typical dula i.s given below; 



Qmcretc RcxiiOiviiy 
(K-Ohm-cm) 

IkMOblc U»ic of 
Kcintiinran<ni f knrosion 

Kcicrcnec 

1. 

<5 

Oincnixi oliiiovt certain 

< avulier P G, & Vassic’ 


5-12 

Vuriablc 



>12 

Ct>nukiun unlikely 


2. 

<5 

Very higli 

Taylor Wtjodiow, 


510 

Ifigji 

Rcsc.uch Lab (198())* 


>20 

huignificant 



>50 

Negligible 

iCbntdt 
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{Cuntd-f 


1 

2 

.3 

4 

J 

<7 

Almcisi certain carroiiion 

<lo-= 


<20 

Some cfviDsicm possible 



<10 

Corrclalcs with dctcriuraliun 

Wen* R.‘ 

5. 

7>H'I 

Qwrosion Nil 

Straiful cl. ai.,* 

li 

5-10 

Rapid corrosion 

Bnjwnc** 


Concrete rcxinliviiy. ihiK. hecorriM nn iiPpiTtan) parameter influencmg the ilurahility r>rreinforced 
concrete klructucii. 

4.I.3.2.1'rlnclplc: It can he seen from Tig. 4.7 four metallic probes arc placcrJ over the 
concrete surface at an ctjual spactng of ’a’. A kiwwn cumml. i’ is impri»se<J oti the outer probes 
and tlic resulting pcHcntml dn.>p ‘ V between the imtcr pnrbes is measured. Tlic influence of current 
flow IK such dial it spreads out verticdlly and hon/oiilally and takes liic shape of hemispherical 
sulfate and dcpdi of its influimce is proporliniuil to liic distance *u' Irelwcen the (irohcs. Rcsiskuicc 
’K' is given hy V/I. liic equation iclaltng resistivity to mcusuied resistance has been derived fur 
Uie 4-piohc ineUiixl". 

KcAisilvlty of concrete *p‘ = 2 n a K 
Where a = tnierelecirr<de spadng in cm 
R = Measured resistance in K fhiin 
*|T = K(^>i$iiviiy of ihcconcrete in K-f Ilmi i in 



Fij{.4.7. Circuit Ilf !• PR Meter 
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4.13.3. Equipment needed 

l^our Prohe Kesldivity Meter 

A four probe nsislivity mcler'^ haMXloii (be above principle bus been developed by CFCRI 
and employed for mooilorinji resistivity of concrete structure. 

llic instnimcnt coosisu of two units; 

(a) Four Probe Unit 

Tbis unit is provided witb Ups wrapped with sponge or cotton wened to bavc contact with 

ccncreu; when pressed against its surface. 

(b) An Electric Circuit Board 

Tbis system converts current voliuge data in terms of resistance aud scaling of the data to 

display the resistivity directly. 

The advantages claimed with this meter one; 

1. Tbc meter with t>uill-in-()n.«bc b tMUcry operated 

2. RugxcU type, bcocc, appbeabk for field use 
f IViTiahle 

Address of supplier 

CECKl, Koralkudi. bos developed and patented Uic direct reading DigiuU Resi.sUvi(y Meter. 

An automatic system based on Rockwell AIM 6$ Microcomputer system designed for 
ciMitlniKMis inoniloring of concrclc rcsnUivtly is also available'’. It cou.si.Hts of a liming circuit, 
rmosuuicc mcasunuiieiit, lemperalun: uieasuremcnl and computer system. It yields accurate 
resistivity and repeatable data. 

4.13.4.1 eebniq ue: llic Ups of tbc 4 probes of the rcsistlNuty meter are wrapped with .sponge 
and .saturated with putable water for making efTective contact wiUi (he concrete surface. Ihc four 
probes when pressed against Uie concrete surface indicates the resisUviiy of concrete directly on 
llie digital panel provided in U)c meter as shown In Rg. 4.8. This meter gives the average rcslsuvity 
of concrete in the cover portion provided Urat Uie inter electrode spai'ing ‘a' is le.ss tlctn cv cqicil 
to cover thickness. It ‘a’ is more than die cover lhickTieH.H value, tlicn one has k> take uuv to .nvoid 
intafaenu: effect froui steel miufurcemcols. 

4.13.S. Laburatury InvesUgatlons. .Studies showed that (he rcsisUvity of the concrete 
(IccTc^iKCs as UiC deterioration inacascs. Rcslsuvity mcasuremeois obtained on concrete specimen 
Kulqccied to different concenlralioas of chlixide revealed (hat no significant differeoce in lesisti vity 
was oliscrvcd in mdsiurc saturated condition, also no great difference in conaelc resi.sU viiy Was 
observed in (be case of equally absorptive concrete. But when concreic was oven-dried oiler .soaking 
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tn water lor 4M hours, added chloride caused great reduction in resistivity. Studies showed that 
nxiuctnin in rcstsiivity alter oven drying increased with increasing chloride contents'*. 

ralifoniia DivisicHi of inghways tins ludicoled lliol Resistivity of saluniled umcxvlc iticretiscs 
will) time uplo about 5 years. R&sLsti vity n)ea.surcineoLs have been u.scd for delecting defective ai eas 
of concrete in water reDinlng siniclures'*. Arca.s of low resistivity or if purticuloi area had loige 
variations in rcst.s(ivity values, indicates poor quality of concrete which might be due to salt 
conioinination. excessive carhonalioo. etching or regions of pcxir compaction. Studies alst) revealed 
that surtiicc mcasuiemcnLs ot resistivity cannot represent the average true resistivity ol the concrete 
due to skin resistance cllcct hence measured value is only apparent resistivity. Ilecausc there arc 
pil.in/alion effects when iiu-.;ixunng resistivity of concrete, an A C system in Ihc fTequent 7 ninge 
of 100-150 Hz IS pfelcrreil |o ovcrcxiinc Ihc higli resistance of the concrete Also» recomincnUed 
ilial n^stivity mcasunincnts«m concrete stnu tures are to be made in amjunclion with ‘Coirosion 
potwiial' mcasiiremenis during a potential mapping survey to assess rehtir comision. 

It has bcim reported lliat tesis cameil out wiili hmieiallic clecinHles (steel and copper) 
emtxxlded in owerete liave proved Uie existence of direct pnipiwtHwiahty between tlie rate of ineuiUic 
comisiou aud electrioil uaiducli vity of concrete'^ 

I ow resistivity values ol ciMicreic coiiicklitig with more negative electrical poienlials also 
give information ab^i liic corrosivity of concrete''. 


COPPER PROBES 
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Acconliiig III HP ‘(luiilc lo n<Nxl niiK.TClc’ oil laspeclion uiid Mainieiiaiiec iif 
Keinriirccd r(inat:li; uiid PicsUCNscd roiicrflc Sysiem, lilcclricai KcsLstiUlce Mcasuremetils arc 
Uikai lo assess Uh: clfidaicics of watci-iiroofin^ membranes wbere Ihe nKmbranc is a dicicctiode 
malerial'". 

U lULs been reponed tliai clcciricoJ rcstsU viiy of concrete of diflcreni cement contents of 
dklfcrcnt W/C' niiio gradually Increased with time and became iilmosi constant after 28 days 
curing’'' I lence, witer content has a in.ijor iiillucncc oti mslsiiviiy of fiesli unK'ivte mm. Studies 
showed tiiat coke, when used its a substitute for conventional conenrtc. resistivity is lowered and 
ts m Ox; nuige of2(1-122 K-Otun-un AiiuIIkt ailifilivc of raibon Tiliies loccHKrrete aliaig wtUi coke 
lunher Rtluccd resistivity yielding value fnaii 13-24 K-TWan-tan lliis study was mainly tuulertakeii 
for incretising tlie uitKluclivily of cruxieU; soas lo protect die structure using ealluRlic protecluiu 
system. WJicii carbon black alone was itsetl, resistivity of ctuicicte ranged fttan 0.6 to 2.9 K-Olun* 
cm. ('oiiiluctivily of concrete was improved sJigiiUy by using carbon black as an additive lo 

UHXTCte. 

Work Done liy CFICRl, Karwikudi 

KcsLsdvily mcusuiemcnis have been u.%d tor continuously moniionng the strength development 
III conctete specimen*". A linear relationship between resistivity and cube compression strength 
under continuous cunng was cstabltshcd. 

Kesiso vity nicasurvmcnis nutde t in painted surf ace of concrete :uk 1 an uriptiiiiicd surf ace coult I 
mdiiaic Ilk*, crirclivctic-ss of llic pmleclive sysicni** Resistivity data was ctilIccTcd <hi the coalikl 
surtiK'e of concrete pnor to icsimg :uid after 70 days of ullcniale wdling in 3 jvr cent NtiTI solulitai 
and dryuig*'^. 

In the case of uncouted specimen the resistivity continuously decreased with time and had 
a value ol 4 ± 2 K-Olmi-cm r.xa'-pl Uiree systems, all otlicr Kysicms luul a rmniimuit resistivity 
ol 20 K-Ohm-cm at the end of the test pc^nod It lias been reported Uuu eicciriail resistivity 
ineasiireineiits arc to lie pcifoinietl for accepting a coating system for couciele surface of any 
Kuuciuie. 

Studies slkiwed dial rcsi.slivi(y varied with moi.sturc content and time-’’. Concrete specimen 
of si4c 10 X 10 X 10 cm with 6 mm mild steel rod placed at (he centre of Uie cube was used for 
the lest. Kcsistiviiy mcasurenienis were carried out In specimen under 3 cnvirnnmcnt, namely, in 
air, disiilled water, sail spray and 3 per cent NaCI .solution for a period of 300 days. l*rior to 
measurcmcnis, the specimen were taken out of the respective environments and air-dned. It was 
observed dial specimen cured in distilled water have higlier re.sisliviiy when compared lo (he 
specimen expo.>(ed m s;iU spniy and 3 per amt NaCI envirrMHiieiil.s- Tlic deciease iii n.'si.siivity 
ill 3 per cent NaCI aiviroiuneiil was hc-cause of ciilividc (icriiicutioii and sulisequcul delcriuration 
of CWICIVtC 

4.1..1.6. f ield appliratlniM 

(A) Application to ReinTorced Concrete Structures 

An investiEalion ol San M:ucr' Hayward nridee. ralltomia, in 1957. revealed that 
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amount i>r concrete cracking occurring in Uic structure varied wjth resistivity ot concrete-’. 
I■.lcct^cal Ucsistivity mcvisurcmcnis made on conenrte hoarns of 17. ddfc'rcnt spans revealed 
lliiit at zero ditlerior.ition or when concrete is iiiuTackixl. rcsislivily value was niore than 
miK-rilun-oti'^ 


Work Carried out by CECKI. Karuikudi 

Resistivity meastircmcnis liave K'eii repiined to be useful and non-destnxTivc*' Resi siiviiy 
Studies carried out by t."l CKI on bridge slruclinv.s-' revealed tliai resisiivity valiK’s ol concrete in 
-j disties.vul bridge sinKTuie, ‘A' was on die lowet side in die range of I .?'36 K-()luii-cin inJicating 
IliepiHii quality of concrete. In aiioda't bridge ‘B‘ which was upparentiy under good condiliou, 
resistivity values on the higher side 7(X)-8(X) K-Otim-cni indicating 0 per cent deteriortioa In one 
of the girder of die Bridge Stnicturc A', resistivity values lower dian 60 KOhm-ctn was also 
observed in some arcas^. SoHit of the deck slab showed very low resistivity values, hlccirical 
a‘si.stivtty measurement was made at 2'-3' intervals idong the deck surtace to ascxnain the quality 
ol coiKTCte. Average resistivity value ol diflea'iil sp;ins w;is m the mngc of 25-3S K TTIini-sin which 
was on the lower side. IjOw a’sistiviiy v;duesobtained (less than tso K-Ohrn vm) indicate die pinir 
qualdy ol concreic I K'icnoraicd coiuhlinn ot concotic on die top of da- deck .sntfuce was, Uias. 
idcnlirn.^ using ihis technique 

,Studics showed ih;it initial resistivity for all concTi,-ic was 3 K-Olun-cm^ Two-lold iiktxvisc 
m resistivity with time was observed with l\.>rland cement conmic h>//ol:ma corKTcte .siiowvd 
C6 limes inmt;isi‘. m avsislivily value. Due will, (laTcfore, he leinpied lociKidiKle dun iii die uwe 
ol p«r 2 zolanu cemcnl concrete, amcrete is more lightly paeked leai ing Icssconi'caed poa‘,s wliich 
IS iluc to rc;aiion of po/zolaiia widi lice tune liberated dunng settng time I j form CLlcium .silicate 
compounds. But, however, subsequentobscrvatii'ns on the liclil pcrtomiaijcc of potcaoLuia cement 
concrete indicated that pozzolana concrete was more porous thui: UK cfnictur dus uicreascd 
resistance lias to be atinbuicd to die increased ptirosity. 

niccuical rcsisdvity was measured on dilTcrcnt grades of concrete and dir ditferem curing 
fieriods in both wet and dry conditions’’. Farameicr w-as used as an index for as.scs.slng 

da’ iMirosity of concrete specimen. It wav lound that die ratio gradually increases us the mU 
Income's Icnuicr. M lO was louixJ to luivc a ratio ol )t.63 at 2if days curing compared to 3 X7 obi.uncd 
for M40 mix. 

I'lCLiiica] re.sLsiivity of detcrioraimg toiicreie was measua-d torddlcrcni grades ot concrete 
and foi diffeicnt ages of concrete^. Ihc media used as detenoraung .igcnts were sulphuric acid, 
hydrochloric acid and sodium chlondc 5 percent .solution A graph relating a'sisiiviiy with age 
of concrete is shown In fig. 4.9. It can be seen that tlicrc is a gotxl correlation 

Hleeirical rusistivily technique was tried as a tool for studying the porosity in concrete 
slniciunts Idarliiail utMsti vity of .such fHHOus concrete will be very high under dry cxindiiion *p^’ 
hecau.se of potc.s when saturated with water, pores arc tilled with water and hence will he 
very low*’. Iligliei ’p dry/ p wet’ ratio indicates higher porosity of concrete Typical rcsisiiviiy 
late values obtained for RC'C column under good and dcicnoraicd conililions arc given in 
Table 4.1. 



7 9 11 13 15 17 19 21 22 25 27 29 

CURING PERIOD .DAYS 

DettrioratlonorConcrctcIn Cbritikiil Solution 
ToMe 4.1. Resistivity Ratio Values Obtained for Existing Concrete Structures 


Details 

'dry 

' wcl 

' dry/p wei 

RCC Coluinn 

•MaS 

55 ±5 

US 

(Good condition) 




RCC Electric p«i 

58± 13 

6.5* 1.5 

8.92 

(Kiglily deters >nu«d) 





litis cicirly brings out dial the ratio f dry/ o wet’ is about 5 lo 6 linves hlgter for deteriorated 
column when compared lo undcteiioratcd column, llius, dry/" wet’ ratio gives im idea about 
iIk*. porosity of concrete. 

(K) Application lo IVuslreisud CoiKrvtc Structures 
Work l)on« by CF.CRt, Karaikudi 

Little infonnaiion is availabk*. lor prestressed ctaicteie structures. Concrete resistivity on the 
girders of a prcsiresscd concrete bridge structure in Maharashtra showed values greater than 60 
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K-Ohni-cm indicating Ihe good quality^. Il w.ls found thiil porous concrete also had very higli value 
of resistivity. Cross diaphragni which appeared to be porous in nature, when surveyed u.sing liiis 
technique sttuwed a value in the range 495 947 K-Ohm-cm. 

Kextstivily .sliiiiics wen: earned out on painted and uiipainled siufuce of die {•inlets and 
duptirtigins of pieslrex.swl eonaeic iiridge slnieture. in Maliarashlni*' Solvent free epoxy system 
liad liiglict lesisti vity value lluui aqua epoxy coaled surfaces Tlte uii|>aitilcd suifaees sluiw iaJ lower 
values Ileiicr, ix:rroniiatiee of die {iroteclive sysiein on conereic ctui lie uioiiiloied using resistivity 
iiieasuieinenLs Resistivity sur vey was also nuiilc in nuinliei of Inidges in various Stales, luunely, 
On.s.su, (iou, Kerala, elc.^' In one of die worslalTected hiidges, resistivity values weie invuriubly 
less than 1(1 K (Jhm-cm. 

4.1 J.7.1 Jmltafluns; C’orrcliuion hetwixtn rK.si.stivity tilfonoctc with detenorauon of concrete 
itfid eomisioii of.stcx'l in concrete is ihil fully established. Just resistivity alone will not he iiKliculive 
of eomisiiMi of steel ciiilx;dilc<l in coiluete It luts to depend on paranieta '('onosion cell ratio*. 
I^irous coiiaete can al.>o give high resistivity. Ilii-s necessitates careful intcrpieliilioii of the oblainul 
ikOa 


4.I.3.8. Coiu lnslun: Rcstsuviiy technique can he used as a qotdily control tool I'criodic 
inomtonng of resistivity mettsuremenus enables to idenuly die detencr.iiion ol coocreie I lowcvcr. 
caiiiioiiKapprivich isneces«ary lor niierpretalion ut data oblaineil INnosiiy in eoiicrele sinicdires 
can he monitored using tlie panmielcr Ri>i.stivaly nilio'’ dry/vs'cl'. 'Ilk; lta.iimi|iH: can also he iisral 
for monilomig the diimhilily and efIeCliveiiess of coalings on concrete surface 
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4.1.4. C4ikulallr>n ofi tirrusiun ii*ll rutlu; IXiring any corrosion process, comisiim currcnl 
Hows from anodic fo (he caihrxiic sites thniugh the concrete. I fence, the rrsisijvity of concrete fta.s 
an influence on this flow of current, llte surfitce ptHcniiaf measurements indiaitc only the anodic 
and calluKfic regions in any paidcnlai arcJiofaMndwed coiktiMc striKlurcs. However, either of the 
above two lechmqiie-s by iistdf alone does not give a quantilalivc picture of conosion of 
minfoivcnicni Die iisefiilnessof lN)tlitlicsetni'asua^m'nLsaliva4lydcscrifx;d in sections 4 1 2 iuul 
4 I 3 can he lealtsed only t«i coiiibinmg boili ifie lechnuiueseicihling (lie ailailation of a ptirarneter 
called *’f’onoviioii cell raiio” ((!(Tt Value) which tuMp* in avessing (liecrniditioii of rebju «ntvddcd 
III 0111110(0 Suatfiil' lias already o'poiR'd Hie apphcaiioii of CCl^ values in assiissing Hie eondition 
of reixui ill coiicrcle structures. 

4.1.4.1. IK’niUlioii of eorrusioii cell rutki; (?()rtosion cell oilio is cxpres-scd as tJie ratio of 
nu.simuin surface poteiuial differences in milli voIes inaisured on tlie surface between luiodic and 
calliodtc ureas to the average electrical resistivity of concrete in K-Ohm cm in the uiuxlie region. 

4.1.4.2. Calculiition of CCK values; 1 or calculation of C.’CK values, we have to make u.se 
of the cquipotcniial contour maps and resistivity contour iiups. Itom the cquipolcntial uintour tiiap.\ 
the anodic region and the cuiliodic region arc identified, 'fhe maximum potential diffcTcncc is 
obtaitK'd on subsuacting die potential obudned in the caUuxlic mgion from dial in the aiKnlic region. 
Ihc avenige electrical resistivity around the anodic region is obtained Imm the rcststivity contour 
map rt ’K for c^kIi arca/sinictuntl compofHint is calculated by dividing the potential ditfcrcncc by 
the average rexislivily 

It has liccu ic{Hiitcd dial generally if Ihc ratio is greater dian 5, einlx’.dilcd rebars may be 
undergoing cornrsiun in die aiKidic leguHi and concrete is likely, to he aacked'^ CCk value less 
than S iiidiealcs dial eonciele Is free from cracking However, it may K; undergoing corTOsion 
corresponding to Uic value 

4.1.4 A Meld applications 

(.\) Application to Reinforced C’lUKrete Structures 

It Iws been mporled Ituil eomrsion cell ratio values calculated lor dificrcnl spans of decks 
aixl Kiiiiis ol 16 Spans ol San Mateo 1 laywanl lindge revealed tlic seventy ol a>rrosion' Conosum 
cell ratio oluained on each .s{kiii of iIk: hrulgc slnicliire was iaim;l:ite.<l to penvniage delerioration 
of conenae. CCU values were gie.;ilef lluni S ui the casr; of iT.icke«l eoncrele Ix’anis. 

Work Carried out by CKCRI 

CnCR! has cuniedoul lamosioii sluilic.s on iiiimhcT of briilgcs and slniclures Tflt value 
lias Ixicn calculiiled on ninny of ihc bridges CCR value has liecn coneliilcd with disirevs in the. 
slruclitre. 

Ilrldg« 

('orrosion cell ralio values were calciilaled lor different portions, like, loundalions. 
subsuuciuic, deck slab uiid luaid lails for assessing die conosion .susceptibility of din'eicnl cmKiele 
bridges tilong cast and wc.st emot puts ol Iiolia-. ('(’R values of less Ilian I were ol>iaincd for the 
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lounduiion and handrails of two bridges indicating that steel rebar was unalTected by corrosion. 

I lighcsi CCK value ot 9 was also obtained on the deck slab or a bndge in Tamil Nadu. 

Survey made byC’FCRI revealed iluilCTR values calculated ut lotir locations ul one bridge 
which was utidcr distress were in the range 10 to 20.6 mdicaling seventy of corrosion, whereas, 
values were in iIk* range 0 IS ur IIIV tor umHlx^r Hridge whidi was uppareiiily ui giKxl condition^ 

KuKidentlal Itullding 

rortosion survey iiuuie by CEf'RI sliowed dial CCR values deictnuued in one of die 
iMiildings in Delhi were in die range 0,2 to I .(U.Ttiis C(TR lalioagreed with the visual obsctvalitNi 
made on tbc structure which indicated the absence of cracking and ^xdling of concrete*. Maximum 
(XTl value of 11,7.S was obtained in the case of sunshade over W ,C. and BaUiroom of anodier 
budding fhisCC’R value being higher than 5 indicated anniKUHi damage of concrete This whs 
also amfirmcd by visual (;xainm;ilion which revttaled llic presaice of .spalleil portions in nuuiy oruLs 
of die suusliudc of die hiiilding. 

Industrial Building 

Corrosion cell rado values were calculated for different structural members ol a leriiUzer 
industry in Tauiilnadu\ CCR value obtained was always Invariably less than 2 in the case of 
appurendy unaffected portions. However, higher CCR values in the range 5.25*127.66 were 
obtained in the upporenUy affected portions indicaung severe corrosion. 

(U) Applications to i*restress«d CoiKrcte .Structures 

Work C.arried out by C!FCKI. Kamiktidl 

C()rTo.sion survey made by CT.CRI on die prcstiv.v«r.d concreic T beam of a bndge in 
Mabara.shtra di.scloscd (hal CCR values obtained w:lh6.00 indicating ctiunccs of aimision of sic.el 
in concrcle’ CCR values calculated for cross diaphragms wen: less lliiui 5 revejiliug less 
prrsbabtlity of corrosion 1 his agrees with the visiuil cxarnireilinn made on ihe itoss diiipliragins 
of dii: bndge which revealed Ihal eoncrele in many ponitHis was hi giHxl condilion. 

.SiikIics iHi prcslrcssed girders of a iiuijiir bridge suueturc revculcd dial (XK values calculated 
in siHiie seelioiisof die ginlcrs weie leas dian .5 in general and in many coses less than 1 indicaung 
that iiiMi-picstic.ssiog steel reinforcements can be considered to he unatfccied by corrosKin' 

Condition survey made by CIX’RI on a major prestressed concrete bndge in Ctoa sliowed 
dun active corrosion had set In many places of the girders, cnvss diaphragms and .soffits of die 
deck slab’- CCR values greater duin 5 were obtained in 6 ponioiis of die girder and higher (X!R 
values upto 20 wore also obtained inditstlmg severity of corrosion. CXlt values as higli a.s 10 and 
Id were obtained in the case of aos.s diaphragiii. This agreed with die general dclcrioraicd 
condition of the bridge 

(X'R values otrLHiiied ui die case of diffeteiil spans of a prestressed concrete bndge In Orissa 
unisulctulily". ('(?R values calculated in one of die span vaned from 0.47 to 8.41. In some proiions, 
CCIf values were gicaler lluui 5 indicating active corrosion. CCK values obtained less than 5 on 
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(Ik- IcII r:<cv oromt of (Ik: girtlcr ugtccil u'llli Die DcuiileD visiul exuuiuuUiuii iiiaDc uNilinnuig Die 
giKHl coiiDilioii Ilf eoiictele. Visuiil cxaniiiiaDuii dalu un anuDier girder sluiwed Dial Die girder 
a|i|H;ured (o liave been affecled mure .severely. S(ecl leinfnrcemenls lutd rusted at Diuny places 
loading to spalling of concrete. However, C'(.'R valuc.s obtained on Die snmc girder were of the 
order ol 3.5. licncc, C'CR values cannot be fully relied upon for Assessing Die corrosion condition 
ol rcbtir in concrete particularly when the concrete is highly porous which leads to very high 
electrical rc.sisiivlty values and consequently low ('("K values. 

Appreciable CC’R values of 5 were obtained at few places of K>x girder in Die lwc.">psm.s 
oi a major ImDge in Goa indiuitiiig higher probability of comision'', Vi.sual oliservaDon dtidi 
colltx:icd by GFf'RI sliowed Dull uniciele luiD sfulled off at iieiiiy kiualuiiLS and wete of pout quality. 

Another survey made by CEGRl on a presuessed concrete bridge in Kerala revealed tftfli. 
(■(.!< vnluc.s obtained at Die two end spans of Uic bndge weft not appreciable"'. CCR value-vati'id 
only from D.l*) to 1.19 indicaUng good condiUon of steel in concrete. This wasconflrmed'by Die 
visual ohstTvalioiis which revealed no rust stains or spalling of concrete. 

4.1.4.4. Limit.-iti<inK: Ascorrosion cell ralio values depend on resisuvUymeasurcincnis, lower 
values ol Ct'R may also be due io higher rc.sisuvity values obtained tii Dr* case of ponius concrete, 
riiiis, (TR values may be misleading in some castrs. I lowevcr, Diis p;ir.iinetcr CCR value gives 
iNily an .HkliUorial intumiaDixi in us.sc-vsmg Dr: c'oiRlilion ot n:bar embedded in ouiKmdc and judicial 
inlerptclaliun of IheCCIt values an: inevilable. 

4.1.4.5. Cum'lu.\ii>n; C('R valiic.s cidcululed fioiii Die dalu obtained from surface potential 
iiiciLsuiemeiiLs and re.sLslivity data can give some wseful infonnatloii on Die coixiiDon of embedded 
.steel rcinforccmeiil. It may not be aseful for quantifying Dtc actual corrosion damage. 

1 SuaDui. R r..' Tljc Corroskni of .Steel ia Reiiifoiood (?oiKre(e Bridge", rnrrosioo, 13. pp. 173t 178t, 
1957. 

2 Kcng.'isw4my, N S., il.iU'.uhraniMiiiin. TM., .SnnivasuvS., Iyer, Y. MahsclcvaandSuicxh Hitpii. K.li., 
* '( Vim iskm Survey of llridgcit’', I ntlian t Vmcrctc Journal, June IVH7, pp. 147* 160. 

3. Rengiiiwumy, N.S.. cl, al., ‘‘tV>no!iion Survey <.if Rinforved uiid Prcsircssod Concrete Stmeturev- - 
Mclbodology of AppoMcIi", Trans. SAliST, Vol.23. No.2-3.198fi. 

4 IInpublUbcd Report, fTCRl, |9R8 

5. Unpublixbcd Report CliCRJ, 1990 

6. llii|iublii,licd Rc|X'rt. CECRl. 1989 

7 I'npublUliod Rofcrt. CHCRI. 19X6 

X I InpnbfIshed Kepon, t '\-i 'Rl. 1988 

9. Unpublubcd Report. CECRl. 1989 

UniHiUlUlKRlRc^vrt.CECRI. 1989 


10 , 
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4.1.5. Elwtrlciil reslstniKr probe; lilconcal rcsiMance technique bos been used not only 
lor monuaring the corrosion of mild steel element embedded m concrete hut also lor monitoring 
the quality ol concrete cover. Reamtly, elcctncal resistance technique, tuis been used to get some 
infomiation on the condition of presiressing steel in prestressed comaele bridgi?* 

Corrmhin Monitoring'uf Steel KeinforcenMUit 

The tueduxi is lucvcd on the fact dial when a cooduclor corrodes the metal lost i.s replaced 
l>y ail insoluble min-conduciing fdm wliidi adheres to die metal, or Ls carried awuy by the com>.sivc 
medium. Metals and alloys have much lower specific clcctricoi resistances than their corrosion 
produces. Since the electrical resistance of a metal depends on its cross-sectlonal area, a decrease 
in thickness of a specimen due to uniform corrosion may be evaluated 

4.1.5.1 rrinclple; In die ease ut a cylindrical wire/nxJ. elcctncal resistance ‘R* is rehtted to 
the cross-section by the equation 


R = 


pi 


I 1(11. I 


Where p IS the speatic resistance 
I is die Iciigdi of the wire 
r is the radius ol wire 

If corrosion is expressed as a percentage then, 

% cormsion = r^, - r x 100 Htpi 2 

r 

e 


Where r, is the hdUal radius and r Is the final radius of wire element. By combining 
cquadons I and 2. we get 

% corrosion = 100 /l/ R,,- R /\ ... Kqii. i 

W~R, } 

Where R^ Ls the initial resistance 

R, is the fixed tesi.shinceof die unexposed portion 
R is the resisuincc at any given lime 

Resistance changes can also be followed as voliaae (hops, wl*cre 

conasion = KKI^l^Vo • V, ^ ... Ixjn, 4 

V v-vj 

It is apparent dial in using rcsixtaiicc pmbes one niusl balance sensitivity with lengdi of 
ihe lest In order io achieve inueased .scmalivilyt it is coiivcuicni to use diin wUc la tiblxui 
eleuieuls. 
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4.13^. CixTosion monitor: ('cullal l:lci;li(xJiciiitcul Rcscurdi InMitulc, Kuruikudi uuricd 
i>ul tlc'Eiilcd Nludivs (HI vaiiiHi-H |nobc dcsii'ns and >^tirkc’d out an optimum probe dcsij^n whicli can 
Ik* convcniciiUy used in reinlorced concrete bridges'--'. In this design, one section of the probe is 
protected Iront the environment by cnca.semeni in epo.xy resin while the other section is exposed 
to the same concrete eii viriinment as that of the rcinldrcement 

It d|, and d^ are the diameters ol the protected and exposed elcmenis respeciively, then the 
resistance oi ihe protected portion 

l<, = K/(d,2) .M.Fa|ii5 

resisLUKC ol Uic exposed portion 

10(11,2) .l-qti.b 

combining Lquatiuns f> and ft 



riieretore, pi;r eeni conosion m duiineler •= 1(K) (t-jK^^/R,) .l-qn. S 

Thus, l)y iiiciLsuiiiig tlie rcsisuiiice K^uiul K,. Uie percentage reduction in diameter due to 
corrosion c:ni Ik* obtiiiiieil. By using a piolecled element in scries witli die exposed eteinenu the 
cllect of ieni|K'taiiiieon resistance isconi|K‘iisaicd. Uy using oltcmuling current, insuibiliiies and 
errois due to niugnelo icsbaive elVecLs cun Ik* eliniiiuiied. A direct digital display ol the rva'eiiiagc 
reduction in diameter has been achieved. This comision monitor is now being manulac tua'd by 
M/s vSyMcni Cotiinds, Bangulon:' 

4.1.5.^. Brnlic Installaliiin arxl inslrunicriliilion in bridges: Suilalile locations lix iiLslallalioii 
('I prolx's an* first selected by (lie coneaiK-d bridge utillMnilies. Bntlxis are iioniuilly installed )>iioi 
to coiicieling al iL*i completion of all foruiwiwk luid alter laying of steel rcinrorccmcnt network- The 
piolv is kqg in ixisilioii and tied up witli icinforcciiieni nxl to avoid any dislocation. Since the prolx* 
IS a retwc.senialive element lor steel a'tnforccmcnt, the exposed clement ol die pnibc iskcpl as close 
as ixivsible to Uk* leiiiloicement and die same cover is maintained. Ihe exposed pmbe clcinenu dms, 
n;pa*sents a steel rvlnfurcement md of smaller diameter hut exposed to die same concrete medium 
ai a siwcific kKation. A protected I'VC cable brings die signal Irom die probe. 1 he changes m 
resistance of die exposed cleuicnt wiUi respect to die pmlccteil reinlonx-d element is measumrl by 
a truiismitter embedded in die probe itscll and sent lo a ceniralised remote liKaiion lor lurdier 
pnxvssing Ihus, a niimber ol |m>1x> insialled in vaiious |>arLso( die Ixidgc slnjclurecun be cenirally 
moniUired f Ih*. system um*.s a niuropiiK'es.soi and all die sigmds are handled in digiLs. 

4.1.5.4. l.iiiiitutions; Accuracy of measurement depends on die lorm ol corrosion 11 it is 
uniform conosion, dK*ii fairly accurate values can be obtained If the corrosion is highly l<x<ilised 
and confined to one or two ix-lati vely isolated psiims ol die exposed cKmieiii Uien some errors may 
be inuixluced. I inifomi pilling ol metal surlacc may not affeci die iJaui adviisely* Tlieie is a hnivir 
rclatuHiship betw'ccn resistance and number ol pits of leiiiic sm*' 

Since dll* pnihc give.s die ciniosion ilata foi dx* sixcified kxalion w here it Is installed, number 
ol probes are |o he m.slalled iitcarelully selected hxalinns. 
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liLsUillaiKHi of iuuIks Is In he d(»nc skilfully. 

4.I.5.5. Ftnnildlit) studies; CUf !RI. Karaikudi Initially installed some cxpcrimentil pn>bcs 
in few girdenot Pamlxin Bridge. Tamil Nadu and momiorcd ilx perronnance lorapcnoilof IS 
months. .Subsequently. I'ambttn bridgeuuifiunlics .iwjinicd the woik of iiisuiilution of probo; to 
M/s System Contmls, Biingakifc, wIhi installed siieli probes in many griders. lliesc probes arc being 
iiHmitorcd by the f‘amKm hndge autlKirities. 

In Ollier couiilnes, eleettical tesisiance |>iut)es arc being extensively uiilked for m(>nih>ring 
cathodic piuicctiuii of steel in concrete'. 

Likely supplicis of resistance probes and corrosion monitors 


I System f tmtrtils. 

Railway I aynuE 
I'illanafiuiden, III .Stage, 
Bangalore - 

3. .Marvel I hginecrtngCtmpany. 
9. IVivnSigamani Road. 
KoyopcUo. 

Madras-6U()0I4 

5. Instrumentation /Associates. 
Hornby Building, 2nd f loor. 
174 I >N Road. 

Borrhay-TOBOdl 

4.1.S.6, CorKliislon; This technique I 
Reinforcements in coiK'retc .Siiycturcs 


Z (VmtHMi Ltd., 

Cormoo House, 

South Street 1 iuiclng. 

West Sus.sex NB L*i Baj (l-ngland) 

4. Robrbat'k ItistniTneiU.s I Id. 

5A. Oxford Road. 

Reading Berks R( 1 1 70(i, 

(Fngland) 


found to he useful in Mouiloring ('otrosiou of 


RKFKRf>t>N 

1. Rengaswumy, N.S. and Rujagoiialuti, K-S.. “Measuring t’orrMirm tl.sing l‘.lec(rical Kcsl.sunct: 
Iccbniquc", IVoc. Twclih Scniinuron ElcvInvbaniMry. Mior., 1972. rtlTtl. Kivuikinti, pp. 287-.tOl 

2. Ruo. U N. Vciikciba, lytt, Y MahaAsva, KengaA\»-aniy, N.S. and Suresh Bapu R.l I., “Nja'cJ RcsUiioncc 
IVobcCiartisioiiMonitor fotCoiiviTlc Rcinforxetncni'*,B ITcctrochcm l-l, l9SiS, pp. 77-79, 

3. Xiivicr. A I'rancj*. “(a'xTi'-'diin Mtmilor for Kcinioivcd GxktcIcS tiutiure”.Truiu. .SAIiST, Volume 
23. Nos. 2-3.1988. pp, 229-231 

4. IX-Tunitn. W.L..'’Ccinuikiii'', 1957.43l 

S Schuii, William It, t^thodlc Proicction Applied k) Bridge Decks. Prtv. Conrerciicc on “(jilhudic 
I’totccliim of Reinforced Concreii: Itndgc Decks", NACIi, 1985, pp.46-54. 

4.1.6. i'olarlsMtion ria>Lstattcc techliit|ue 

4.I.6.1, Introduction; Techniques foi innoilonng the corrosion of rcinlorcing steel in coiKreiC 



CORROSION AND CORROSION PROTECTION OF PRESTRESSED 77 

CONCRETE BRIDGES IN MARINE ENVIRONMENT 

structures arc at present limited to mechantcul tnspeciion. chemical analysis and iso-potential 
mapping. These ii cliniqucs can only proviikt informalion on the likclihixHl or otlicrvs'UiC ol the 
prc-sence of conosion They do not provide iiilonnation on the rate or type ol coirosion Only 
eleclxocbemical techniques are capable of detecting tlie uaset of corrosion at ear ly stages. 

Among the clcctrochciiiical techniques, die best known technique for evaluation of 
iiisuuitaneous corrosion rate In tlic laboratory and in the field is the resistance pr^lailsation method, 
developed by Stem and Geary in 1957'. 

4.1,6.2. Principle: 'Iherc is a linear relationship between poieniial and applied current at 
potentiaLs only slightly sliitlcd from the corrosion ptcntiiU. Uased on the kinetics ol cIcctroclKmical 
n^acuuns and die amcept of the mixed potential theory postulated by Wagner and fraud ' an equation 
has been derived which relates quunutatively the slope ol the polansation curve m the vianity ol 
die corrosion potential to the corrosion current density <i^^) as lolllows: 

p. X p. a I B 

2.303 (P. ♦ p,> al: Rp 

P.'P. 

where It = 

2.303 <pa * pel 

1 icre. P, An'xlit Ufel slope conslanl 
P_ CTuitiodk; ufcl slope consouit 

It = AF. = Polansauofl resistance 
» __ 

Al 

1 ins principle ciui be applied for estimuting the conosion rate of rebars embedded in 
concrete. 

4.1.6.-3. Papilpments neerird: l\>tentiostat. galvanostal witli snilabic IR compensation 
interlace, voltage scan generator. 

Arlilrew* of .suppliers 


l•{^& fJ Priiitcloii Applied Rcsciuvli. 
IUccIo •tiiic;tl InsUuiiieiits flivhiisu 
I'.O. Box: 2^65. PriiiccliNi. 

NJ. 08540. (USA) 


Aevuind SvuciKV l*ttvitlr I til. 
No IMliiiMnin R.s.d. 
JiiyutiHg;)!, V Blix'k. 
llimgal<Bv5r)(X)4l 


ilclrolitc liquipmcnt & Inxlnuncnl Group. 
54.S.S Oil! Spanixli frail. 

Ii(iu!iti>n, Icxaii77023, 

I’.O. Box: 2S46. (U.SA) 

Icicx-. m312 


ConconJ InsiruiiicnU Pvt. lid, 
38C, Barkit Rc'xd, 

I. N agar. 

Mailra.s-MI(X)l7 
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C'onniTi I id.. 

(VintKi<in Mnoluiiinis Sysicm*. 

Comion ilou»c. Soulh Siwi. 

Lancing. Wc*l Suscx BN 158 AJ 

(Tclcji: 877855 CORMCW G» 

MMJiA. 

TACX)SSl!l. l-Jettmoique, 

72 n 78 rud' Alaticr. 

F 69<i27 VUlurtwniic (FUANCEt 

(Tcl«: 300175 FSoIcaiit • Fa* <33) 78688812) 

4.1.6.4. Technique: In lliis Icciuiiquc, a siuall auinuut uf D.C. cunciU (AI) ui uppikd lo (lie 
ettilxxldcd rciiiaT uiid Uic c«irrcspt)t>din^ (AE) bi utonilorcd. lliis is called pobuisalion and this can 
be cut icd uul front • 10 mV lo ■¥ 10 mV in the vicinity of open circuit poteniiul (OCl^. Tlicrc are 
three methods to curry out ihis pirlarisatiut. 

(I) GMlvuiKKtntlc method 

Uy applying a small increment u( curretil, tlie cluitigc m poteultal ts ttioiitlored. For eucJi 
increment of current a wailtng lime of 10 itnnutcs is necessary in order lootilain u)tn»{XHiditig AF. 
values 80 that "Rp* values obUiitwd is fret: frotti transitory compttiicnl ', 

(it) FotenthwtaUc method 

By applying a smalliiiiaiunieth of potential, die change in current is measured. For each 
inca’mcnt of potaiinal'tiyj) the cunum value (AI) is recorded alter 30-60 seconds*. 

'|. ■' ' 

(HI) FnUBfll^K^Mtaiih nMithtKl ' 

' ' I ,.. 

' ' I 

By using poieniXthlai coitflhtd widi voltage scan gcnciaior the polurisalion uiti be carried 
out at a paritctilar sweep raic.'Tlic best result can lie obtained at Die saui rale of 5-10 mV/niin*. 
I .onger wailing pcriiKls oi slowei sweeper rales are not desirable hccau.se of the cluiiactCristic 
comkSitNi process of die steel in cinicrcte, wliac .some dionges on the electrode iiuy lx: introduced 
by allowing Uxigei |)cri«xl. 

Poluri.sati«>a can Ik carried out by any one of the above methods and H vs 1 plot obtained. 
From diis pim. value can be calculated. This is nodiing but slope of die curve ik'ot zero current 

In order to calculate the instantaneous corrosion rate for ivtniorang steel It s’uIikis of 2(S mV 
Ittr steel in comxhng slate and 52 mV Itw Meet in passive stale :tii'. assiniiiul. Ilus*; a.vsiaiied B valiHis 
have been deduced as (hose dial prtxlua; a bellei agreemetil between the giaviniciric losses iiiiil 
electnK:iiemic:il lusulLs' 

IK Compensatinn 

As die resistivity of die concrete Is very high, ohmic dnip (IK) between die relcrcncc :uid 
working electrode sluxild be eliminated. .So. die equipment uscil to carry out these mcasuiuinenis 


Matvei Fjigmccnog Co.. 

0. Dcivasiganiani R(»d. 

I akdimipuram. 

Koyapenah, Madras ri(KX)14 
dele*: (V»1-72(W A041 6660) 


liutnimcnlathm Associate* 
BiTnhy Building. 2nd I'laor 
174, UN. Road 
BomhaydaiOOd 
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muM biivc prnvisiuns litr IR ciHUiicitKalion If IR Is not cniniwasaletl, (he Rp value will l>e 
over estiiiuticd anil ealculalcd i _ will be snudler (Jian (lie real one. 

4.1.6.5. Electrodes and instruiiiviits. A simple Mixk diaj^ram of polarisaiioa lesisionce 
ins(ninicnu(ion is shown in Fig. 4.10. Eidwr two elcxuixlc system or tltrcc electrode system can 
be used. 

In two clcctnxlc system, two rebars ot same si/c are embedded in concrete specimen ot 
suitable size. One can serve as a working electrode <W1-) and another as a counter electrode (Cli). 
Stiiunttcd calomel clectaxlc (.SCP) or a copper/copper sulphate clcctnsle (ruA’ii.SOp) ora silver/ 
silver chlonde elcclnxk^ is usl^d as a ivfeaTK.'e electnKlc (R F.) Ni>w;nbys, crnbedihiblc eleeiKKies 
arc ased to niimini/c ohmic drop effect. Pilhcr graphite, pure /me. oi molelxleiium/ molylKlcniuii 
oxiiie can be used. Tills cIccInHle of suilablc si/c is enihediled at a distance of 2.5 mm fnini Uic 
wmking electrode, (iencrully, (iiis system can lie used for luboiatory cva)ualinn.s only. 

In llucc electrode system, a plalinmn or s(aiale.ss steel plate or a lead ring Ls used as u counter 
electrode. This system is suitable for field conditions. Tlie counter electrode and (he reference 
electrode are mounted on a wetted ab.virbani sponge or towel and arc supported by a suilablc liolder. 


Uii using the above mentioned system for licld monitonng there is some error introduced 
due to larger area of working electrode and smaller area of counter electrode. The degree of 
pokinsalion gradually decrcitscs widi the disiancc from (Jie po.siiion of tlie crmiUcr electrode and 



Hg. 4.10. Klock Diagram 
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llic iniv ‘Kp' viiUic c^in'l be obtained. This means (hat the co(To.<iioa rale can*l be cslimaicd 
arxiuratcly iiloiig eadi posiliun uf icbar. 

Above proltlcm is reported to be ciiminaicd by Ciuard Ring 'Icchnique The arrangcincni 
or cleetnMJes uie .sliuwn in Mg. 4.11. 'Hie main concept of tliis lecliniduc is to simullaiicuusly 
polarise the rebars in concrete by accmml counter ciccinxlc together witli itnolhcr surrounding 
counter elecuode, and retain the polarisation current trom llte well-confined area typically 10-1 (K) 
Hy titis inchttxJ. tlic corrosion current density can be aceurately deiennnied 

4.1 . 6 . 6 . Laboratory invr<iligal|nnK' fjrHi/aler atul coworiets luive ullcniptrui polarisation 
rc.s]siancc mcasuicments lor evaluating kinetic vanables of nniifiacemait uiitosk«i pnar-ss’ lliey 
Iwvc attempted on aanent inin1:tr spemnen using iwtwilctlnidc system. 2 pet cent (!af !1, wa.s added 
as a corrosive agent and 3 per cent NaNO, was added as on inhibitor to know the efrcct of 
carbuialion and inhibitor addition on reinforcement coirosion. Ibcy also compared the corrosion 
rate detemuned by die electrocheiiiicol nicih>id with the gravimetric method. I ruiii the re.suU they 
concluded that the Kp method cun be a reliable, rapid and quanutolivc icclunquc lor mcasurcnieiil 
of 1^^, Ibcre is a gotxl correlation between the corrosion rale dcicnnimxl by elcclnx:henncal meltnKl 
and gravimetric medHxl 

fJonralcr. aiul Andrade ulso petfonned this iccliiiiquc to alinpure the Lomision mtes of 
galvain/od steel and ban*, steel'', tlie clTccl uf liuinidity, carbonaiiiin and presence of clilotides wcie 
lakai as tlu: pmaiiiciers for evaluation. From the results they proved once again tliat the polan.s<ttion 
rc.sist:nice is an efnctutit Uxil to evaluate the corrosion rate in concrete struettues. 


Andiatle and(iisiltiliavc ined dieRpmca.surcnicnts by twoclccmxJc system with embeddable 
rererciice electrode «xi cement mortar spccimen^ From die results they concluded tlat longer 
waiting periods or slower sweep rates arc not acceptable because of the ch-iractcristic corrosion 
process ol die steel in concrete. Ilicrcfon:. polarisation time used in R,, mca-surcmcnis sliould he 
long enough to allow the transitory component to disappear and short enough to avoal clungcs in 
the surrounding of steel bar. 



iq^. 4.11 .On-$ilr Currosiuti Mt.'usurrnKnl by (•uurd • UinK Tvdiniqueon .Stall 
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I scaliintc;ind aworkfrs «HTiputcnsi^tl mcxV'l a^a hcoin lor ol iIh.- nu‘;isun3iu-nt^ 
Itoiii lilt; rcMill Uicy sliowcil llutl Uicrr is sdiiic correlulioii between the eonnsioii lalc ubbiineJ 
thiin (lie [MiUMis;i(iiin tcsisbince itictliod anil llie wcight-lo.vs nielliud 

l.iKke and Oludis Rcncon liavc alteinpicd (his lechnique tm concrete cylinders to study (he 
[lassi ve lieluivunii ;uid lihn stability of Uic lelnu by rapid scan tedmique at (lie scan rate of 14 in V/ 
sec'^'. l-ioni (lie results it was concluded tliut ttie uddilioii of inhibitor to (he oincretc ctin be easily 
evaluated by (his technique. 

I eliu and coworkers luve explained that the c.stinialiun oTcorrosion rate in large concrete 
structures by polori.saiion resistance technique gtves only apparent resi.stancc. this polarisation 
resistance, cun be deduced mathematically by 'transmission line' model", i'hey attempted this 
model study on a rcinlorccd concrete beam ot si/e 160 cm long and 6 x 10 cm cross-.secuon and 
ustnnaii-d IC^ (1 Tiic polaris;ition resistance) by (wii methods In one method is related to the 
apptiuTii polansjitioii rc-sistaiicc (l<,) and the resistivity of the umt rctc, wliereas. in anotiver method 
it is lelaleil to the decay ol the poienlial applied with the distance froin the counter electrode 

riic same Authors have also tried, (run.snii\.sion line model to determine (lie iMilarisation 
resistance in reinforced concrete slabs of si/c 1.3m x 1.3m x ().()7m'^. I rum Uie exteasive studies 
tliey pointed out lliat with this two pnrposcd metlicxis it has been possible lo clearly ditainguish 
between the beimvtour of the steel in passive state (turn corroded) with R., values in the order of 
10' 10^ Ohm cm ' :uid die behaviour in acuve stale (cxirroded) with R, values in the order of lO’- 
10' ()hm cm ' '[ hey also confirmed that in large reinforced concTctc suuciures. ihc response of 
elecincal signal applied wiili the aid of smalliT counter electrode can be clfccttvely interpreted 
by triuismi.ssion line miKlel In this work, they have ikiI euahlislied any relationship K’tween the 
K values and ihe acitial corrosion raie 

Maisuoka and coworkers have criticised the above uansmis.sion line model and devi.sed u 
new on-siie as well as laboratory model to find the value using numeneal simulaUDiis by iwo 
duncnsioiial liniic clement mctlKxl' V 1 hey observed that, by u-;msimssion line model, corrosion 
me cannot he csiniiaied aecur.itcly along each posiiion ol rebar anil the rate may be al IctTcd by 
Ihc reinloreeinenl geometry, the rcsisti vily ol amcreie, surlaec film and so on I he AuilK>rs recuhed 
Ihe alxive jinililenis in iJieii nmdellmg analysis and propo.sial nicitiodology lo obiiiin Ihc true 
cunosion lesi.sbuiee from the measured {Niluii/ation tcsistaiicc (k^) by iilili/ing Ihe conversion 
gr.iph llicy liave done tills modelling luiulysis for both single cuunicr clecuixlc and double couiiier 
electrrxle metln kIs I n im (lie studies tlwy concluded (iiat Uk double counter clixirode metluxl moie 
eltccliM’ly conlined the polan/ing current How into ilic constant area tlcui single coiinier electrode 
method 1 he current distnlHilion along live longiludiail direction ol rebar IckI more signilitancc on 
airrosiofi n^MsI.'iiia* (L'il;i (han cmss-.seebonal one. 

4.1.6.7. Field upptiiaUiiiis 

(A) Applicatiotrs to KCC.Structures 

Jolin ;md Dawson have attempted the Guard Ring lectmiqiic lo delenninc; the rate ol 
comvsiun on a slab cnniaining a mal of sled bars'', l-mm the re.sulls they aineludial lhal Ihc 
polansatioti resist.inee may Ixt siifliuenl lor calculating eoirosion nilc I lnwevcr. ifR-se measured 
*Rf,’ values siunild he aiinpured with ‘R, values iiieasuied by ollici elccInicJiauiuil inelluKls, sneli 
as, cleelioJicniitAl iioi.se and A.G. impcdiuicc .siiecUoscoivy lo arrive al iKllei coiidiisiiai 
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liscalanic and coworkers inc:isun'd (lie anrosum ride asin{: coaipuierised nuxlcl on ihrce 
dincpcni bridges constructed at difrcreiit peiitxls’. Tlie results are given in ruble A2. rroni the studies 
U has been concluded (hat it is difficult to hkscxs die reliability ur accumey of data obtained. 
I towever, (he results c^in be coinpanxi to (lie vi.<<ual appearance of the bridge deck in the immediate 
vlscinity of the eIcctroclKunical mejtsunniieiiLs. 

Cigna and cowiirkers ased (liis tecluiique for measuring on-site corrosion rate in a viaduct'^. 
'I be viaduct is near lake Maggioiv, Italy at a licight of 800 m above sea level, 'fhe whole viaduct 
consists of '38 spuics, iiiiictceii for each cairiageway. Only ten spans were monitored. Tlic 
ineasitrciiiunts were taken at nine places in each span and ninety places for the whole viaduct. 
From (he mca.suremcni.s. they concluded that the measured corrosion rates were proh;tbly too high, 
because the technique mainly depends upon (he local aggressivity of the environment, 'fhe mot 
preparation and the casting conditions arc probably resptwsible for liKial diflerencos in conactc. 

4.1.h.K. Field proMrms The miKl serious pniblciri LstluU tlie elccbiMtic equipnteiit iiiay lx: 
damaged due to lire mcclianical vibnitiixi generated during ironspottaiion between khoratory and 
(lie field. Another pnihlem is clcetiiuil ixilsc guKriatcd during measuement. due to interference hoin 
A.C. sources in(erfciciK»t fnim A.C. motor used to power the oscilloscope, finally tntctfcrencc tlrom 
cuiTeni gciiaaied by die corrosion of counter elecuode. The^e arc eliminated by using shielding 
cables, hiiitery powered oscilloscope and by using lead as counter electrode. Irrcpcoducibility of 
working electrode Is also another Qcid problem. 


Table 4.2. On-dte Cnrrmion Rale on Three Bridges laieatcd at Frederick County, (USA) 


lindge 

Average Corrosion Rate 

MDfJ* 

Visual ObscTvaticin 

54yc«r-c4d 

05 

Small cracks randomly 
scattered over tbo 
surfsce of (be dock 

17 year-old 

11 

('rackheo 

12 year old 

15 

('racking of concrete, 
rcimr exposed 


* MDD - Milligrams per square dceimcicr per duy 


(It) Applications to PSC Structures 

Tins lecliniquc ha.s lun been attempted so far in monitoring prestressed concrete sintcturcs. 

4.I.6.V. Limitations; From the eicctrochcmtcal slurlies, ius inferred Uiat alisotuie cono.sion 
mtc ctinnot be dclcmimud In many invesligalioas, apixirenl resistance may be estimated to asse.v< 
on-si(c corrosion in a pTaelieal xiluauon. By the use of assumed 'B' values in calculating corrosion 
ctiireni (tensity Ihc corrusiun rale of steel in concrete with dilTereni compositions and exposed to 
itilfereiM (mvinmiuaital conditions may yield niLdeading re.stilLs. The corrosion reactions arc u.sually 
very slow, Lc., iliey have large time constants and field measurements require considerable 
mcasureuieni period. 

4.1.6.1 (I. CofKiusion: Tins technique is still ui experimental stage and has not been applied 
to actual RCC or PSC structures on a sufficiently large scale to prove its efficacy. 
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4.1,7. Impedance (echnlqur 

4.1.7.1. Introduction It i.s wc'il-kmiwti lliiii elccuixdicinical techniques ore nvailnhlc for 
monitoring moUiHic onmision aiul artiuiicrcial uqui()nieni.s based on electrochemical techniques nre 
being made use of tit iiumy iiKlastrics Ilowevef, when we consider monitoring of corrosion ol steel 
embedded in eonerctc, llic fairly high clcclrical resistance of Ihc concrete pi>sc:sa major problem 
m (lie efrevlivc iilili/alioa of such techniques. 
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In rcccni years. A.C. Impedance Spectroscopy is being cxpcnmenicd as an useful non- 
dcstnictive technique for quantifying corrosion of steel rcbaoienibakkd in cxtiicrcic. Advantages 
claimed in this technique arc: 

(i i (be higli viimic resislanec of (be concrete (which is often a source of error in elcctiocliemical 

mcosunaiiaits) can be nicosuicd Bivd elimiiulcd. 

(b) since very small A.C. signal amplitude (:: lUmV) is used. Ihc surface condiUon of rebar is least 

duiurbed during lesUiig. 

(iiii very low com •sioti cates can bo nioasurcd 

(tv) even an idea of (be cxrosion oicchunisui operating on Ibo rebar can Iv ubtaiiiod by using ibe 
frequency spccuuni. 

(V) the technique gives instaniancous ocinosion rate. 

iivcnlhough, liic technique is fairly reproducible iLs usefulness becomes liniiied if the rcbai 
is essentially passive. If the rebar Is active corroding, iJicn only well developed impedance data arc 
obtained. 

4.1.7.2.1’rinciple of the technique; In this technique, an A.C. signal is applied to the 
embedded rebar and the rcsponse is monitored in terms ot the pha.<ic shift of the current and voltage 
ccuuponems and their .•unplitiide Tins is done in the time or frequency domain using a .spcctnim 
or frequency response arcdyscr. 

flic equi vuletil circuit of a comMliug rciafotcitig bar innbablcd m cXHXTCte am be represented 
as shown in Fig. 4.12. 


■AW—I 

R. 




Cdl 


-vs/vwyAV- 

Rf 


Fig. 4 . 12 . K<|ui valent (Circuit of a (lorradlng Rebar Kmlieddcd In Concrclo 


It^ is the rcsisistncc of concrete. 

is double layercapacit.mcc, and 
R, is (be charge transfer resistance 

liiipedance /. i.s tite nitio of A.C. viillagc hi A.C. cunciu. An alternating voltage of about 10 
to 20 mV is applied to die rebar and die resultant cuircnt and phase angle ore measured lor varioas 
frcqiicncic's. 
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As per Ihcnrciitl, cell uiipedancc 


|Z^R.+ - I 

l+jC,R. 

Where w = ZttI and j = 

As (0 -» 0, the cell iiiipetlimcc t I * R, R, and to- •«». the cell impedance Z = K,. 1 lence, 
KubMraclion of cell impedance Z at high fmciucncy from that ol low frequency gives K,. 

(Corrosion cunvnt i^^„ can be evaluated Inmi R, using Slcni-ficsiry cqiciiion 


li, ) I K 

i^ =. \ * - ■ liqn 2 


13Ib+bJ R, R, 

b,. tJvc uiKxUc tafcl slope and b^ • the cathodic laid slope arc to be delermim-d cxpjTiincntilly Sincx- 
b, and b^ arc constants lor a given system, the constant factor K can N; calnilalcd Noniully, K 
has a value of about 25 mV lor steel in concrete. 

Impcdimce. data lor steel in concTete arc ohUiiiic<l over a wule frequency range (70 kl - 
10 mllz) to pnxlucc a complex plane plot or Nyqiiisl plot (Fig.4 13). Voltage and cuncnl 
measurements arc rclalixl to iinpeuL'incc by a cunplex iiiniibcr lelatioiisliip and lliciefoic llie plot 
contains both rcal ami imaginary impedance compunents. 
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Cell impedance IZ |is resolved into two parts. 

Real pan Z’ = Z cw JM'd 
Imaginary part 7." = 7. sin 

Z” bi plolled against Z* al variuus bequendcs. In the case of an actively cumxling steel in concrete, 
a semi-circular curve is obtained, lire interaction ol tlie impedance curve willi Z’ axis yields values 
for tlie concrete soluliou lesistancc 1^ and charge transfer resistance K,. 

K, is obtained at high frequency, whereas, combined resistance K, -i- R, Is obtained at low 
fa'quency. Z' obtained at high frequency is subtracted from Z' obtained at low frequency to get 
R, value. 

i 'rocn practical situations, it may be possible to get R, from just two measurements once at 
high frequency and another at low frequency. Central lilectrochcmical Research Institute. 
Koraikudl has developed a corrosion monitor based on this technique' 'Ilie typical circuit is 
shown inI'lg. 4.14. 

4.I.7J. K«|uipm4!nU nMided. Measuring .sy.stem usually consisls of a frequency re.spon$e 
analy.ser (FRA), |N>lcnlioslal and miciiK(NnputcT (CPll). Dad can Ih: stored in floppy disk. 

Addnss of suppliers 


.Soknmn liutrumcnu. 

Victfln»k()«d, Fuirbunvugh, 
ll4nnp«hire(ilM47l'W, l-iigliind 

IliACi I'hnoeioa Applied Kcxcxrch, 
liIcctrvKhcmical liturumcnLs DivUinn, 

P.O. Ilox 2S6S. l»rinccton. N J OKVtO. I I.SA 


HCLIjjniiod, liuUutncnu Division, 

41, Deepitk Buildinji, 13 Nehru nucc. 
NcwDethi-IIUUI*; 

Accutml Symerns I'rivaic I jui., 

No. 16, ll(hM»inKo»1, 

JayuMgar Sth lllocic, 
nan£Aio(e-^6IXVt I 


4.1.7 A FUuctrodui and insirurocnts: A simple block diagram of impedance iiLslrumcutatioii 
is shown in Fig. 4.1 In the three electrode system used, steel rebar embedded in concrete Is the 
working electrode (Wli). Clccirlcal contact points using insulated wire should be made at suitable 
kxralions. A saturated calomel electrode (SCIi) or a silvcr/silver chlondc electrode (.somciimc.s Cu/ 
('u.SO^ electrode) Is used asa reference elcciiodc 0^3- lAitential of the steel rebar (Wh) ts muniinred 
against RF.. 

A platinum or stainless steel plate can scr\e as a counter electrode fCIi) for passing cuircni 
through the system. Dimensionally stable eloctrudcs can also be used 

A suitable fixliiru consisting of CT. and RH i.s mode and kept on the concrete siufacc at tlic 
kxaiion wlkac measurements uic Ui be taken. Hits fixture serves as a prolw sensor and a wet sponge 
is kept between the sensor and the concrete surface. Suitable leads are taken from the icbur (WB) 
to complete the circuit, 'llic sensor Is moved over the concrete surlace along the rebar profile and 
readings Utken 
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BLOCK P<A6RAI« 

Fix- 4.15. Block Diuxninii)flnipirdiincT Instriimcntution 


4.1.7.5. InterprcLiUon iif impecLutve pItilN: Difrcrait lypoi of ciirvcxoNainahIc for steel 
uinhcildai in coiKaetcaru shown in Fig. 4.16. Tlic inicrscctiun of thit itnpcckincc data with the Z' 
axis yields values for 

K, - ibe coDcme solulioo resistance 

R, tile tesisiuncc assuciated vndi a filin u( Uic convirtc-steel interface 

K, - charge irankfcr resistance associated with the mass transfer of electrons acrcHcs the double layer 
(This R, is equivalent to usual polurisaliun resistance Rp 

1 hfluMon rates of electrocictivc ions can be idcniiticd Irom a dillusion potanicter, the Worburyi 
cociricieni which is dciermined from the low frequency behaviour. 

CapttcifaiK'c til the double layer and iiilcrfacial rdm can be dciennnicd front the peak 
itiagniludes of tlic high and low ficquency scnii-citcics. 

4.1.7.6. F.xptTiniental studies by vurious nsvarch wurkers: Dawson and Ci>-wtxkeis' have 
re|xiiled llial twoelectiude systeui can detect the oti'Set of conusiutL W'enger eL al.' have also used 
litis technique to moothx coaosion of steel rebars in beams. Ihc too.siant K was found lo Ik between 
13 and 26 mV in all their studies. K wa.s found to depend on the number of elementary steps in 
tlie anodic and callHxlic reactions. A model was developed roroquivalcni circuit Inking into account 
die gcofuelrical aspects. 

iilsencr and Dohni' performed impedance mcosurcntenis on steel embedded in mortar using 
saturated calomel rclcrtncc electrode and cylindrical stainless steel counter electrode. R, was 
cotTvlolcd with the corroded area ot steel. 

Malsuoka cL al.* showed that utilLsalion of both A.C. mipcdancc and rest potential data can 
be very uselul. Tliey propased a tnodtiied ct;divalcnt nrctiil incorporating concrcu! ir-si.siancc R,, 
double layer capaotance C '.tnodic poljirtsation n'sistantx? R,. cathtxhc pol.iris;iiioii rcsistana;: 
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DIFFUSION CONTROLLED 




Hg. 4.16. T jrpkaJ Impedance l*1ots 
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luid Wai burp fesisiaiicc W. Ilwir study showed that at the initial stage when the rebar may be in 
una^rroded pasNivc state, rest potential will be noble and a capacitance type impedance curse will 
be obtained. When corrosion sets in. potential becomes less noble and two types ol impedance 
curses arc obtained depending on wet or dry condition of concrete surface foxygen diffusion 
process). When severe corrosion sets, a companiti vely imbkT potenlwl and a small iinpcrteii semi¬ 
circle impcilance plot-s arc obtained 

Work carried out lit C'KCRl 

Laboratory cxpcnmcnl.s have been carried out at tlie Central Idcctrochemicul Research 
lastiiutc. Karaikudi on steel specimen embedded in concrete with diftcrent amounts of chloride'^. 
.Specimen were kept exposed to open atmosplKfc and impedance behaviour was pcnodicnilly 
muniiored upio 550 days. Corro.sion rale was found to incrca.se witli time in the ca.se of steel 
embedded in concrete containing 5 per cent chloride. Steel coated with inhibited cement slurry 
showed capacitive lype (passive) behaviour even m presence of 4 per cent chloride. Immersion 
in 3 per cent NaCI solution thd not yield any sc^mi-cireul.-v plots ovw Ix) rlll>nll^. 11 th);:ttlng that 
comcsioii had not set in. ()n the oilier luind. .salt spniy pirxluccd thr expcov^UvurosiotveUcct after 
a cettain [xiiod Huts, it wus fiuuid dial impcdaiiu: techuique cun he an iLschlJ OiiKPttin.-t^* lecJinkiuc 

' I 

Pi / Vluski cl. al.’ studied Uie anosion of steel in modal speuuieni Wifli ('tii'L tidiinxliue and 
found im|)edaiicc spectroscopy to he quite useful in offeiing nioie uhivooil igOwnislJiV* A gixul 
concliilion was found between the values of K, and a puranicler 'P' Wtuch isaqiUilitis ^-- I, wliere 
•K IS tile depics.sion angle. ,! I 

(^iu and i-lscalantc" sltowcd that corrosion of .steel in concrete is conin>llcd not only by clkirge 
minster priKCSsc-s but also by diffusinn processes as well as other puKC-Sses. llicy .vuggcsicd tlv;ii 
iii.sle.:id of eluugc tmiisfer n:sistance, impcihitice iiuxhiliisctiuldlx' aseil. 'nu* snialler the iiuhIiiIu.s 
highci tlic aiiiosion rate. A typical Bode diagram is shown in I-ig. 4.17. 

4.1.7.7. Lliniiiitioits in ndd use: When the impcdiincc study is tnmsterred Ifoin laboratory 
model studies to ui-situ Held moniionng, some obvious ditlicullics could he usirally visualised. 
(Inc has to deal with larger area ol reinlorcemeni network. Accessibility ol rebar nciwork and 
iiilcrlcrerKC effccis may le:id to praelicil problems. ITie most ihfliuill part is obt:iinmg die true R, 
v:«lue :il each location of the probe sensor since, the degree of polaristtliun induced on ihe rebar 
gradiiatly d4a7e:t.se svilli the distance from Ihe piKsitiou of the couiilci clectiixle Tliu.s, the main 
piul'Icni IS (la: rnegiiliir tlislrihuliou of die; eleclrii’al signal applied with a counter clcctiule of much 
siiuillei tlimciision com|uucd toUiat of the suucluic. 

I'o obviate die current distribuUoii problem, a double countercIctuxHic mcdiud has recently 
been propjiscd'. The main concept is simultancoosly polansing the rebars by a central counter 
clccuode (Civ) logedicr wiUi Jinodicr .siimiunding cniinicr electrode (Ml). i>Hjble clccinvlc system 
can more citcclivciy coniine pol.'insing currenr Dow into a coriMani area comprired lo a single 
clccinxle system 1 ii.sinbutton ut pokinsing aimml is lound lo v.ars'nol only widi ihe geometry :iii(l 
the dimension ol llu: tciiiroTcemcul but also with the icsisliviiy of canicTetc and die cIlaractciLslics 
rtf .surhKve Him 1 he possibililies .nul limiUilions of using such an an.mguinciit luive bevn aiuilyscd 
and it is .sUiwii that the coiinning cu|udiy of ilouble eleciUKle i.s only effective for high conosioii 
rales. Aiiibade el. ul.liuve ul.vi uiudysed die pos.sibililic.s of confiuiiig dK* electrical signal asing 
a guard ring. 
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K'n;. 4 .l 7 .T)’pii-iil R<Kle Diagram 

4.I.7.S. Simulation miKlels: Thi; applicahlilyof AC. mipwlHiiccIcdmiqiietHi nMiifnruul 
rtwiiTClc stnR;ll^v:^ tuis Ix’cn llx’oiulicully cxplaincxl mcwHly". ('iinixlim; n‘h;ff is siiiuikilcd usa <h)c> 
(liinciiMCMUil muismissuHi line «>riwaily-tnic incler scgiitciils cinlK:d<lal in a iinifonn unicrclc inatiix. 
Sunnlaiioas imliuitcd (IkatuxiosiiHicaniHily bcdctcctcUul very low frequencies (<I mil/). Il:i(u 
at best out give only an average corrosion reslstuKe R, in (he wliolc incasiircd area that may change 
in u wide area. 

4.1.7.V. CoikI usion: I ^boraifiry scale studic.s have .shown that A ,C impcdaiKc spccimscr >py 
IS an uselul icchniqiic tor monnonng reKir enrrosion I lowe ver, lor m-siln monitoring of large scrile 
concrete stmeturv-N the pmblem ol im'.gulardislnhntionnf llu' elevtncal signal applied with a .small 
prohe sensor is to he solved Mont simulation studies :ue needed to aceiirutely interpret (lie 
impedance ikita obtained in held measuntmenis. Rugged and hiiltery lastnimenis limed to tlic lielil 
nxpiirem(rnl.s an; yet to be ilt'Vclo|>eil 


RnmxTx 
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4.1 Ji. Noise analysEci Licctrwhcinical Hwaiual Noise 'I cchniquc provides a new tneUtod of 
iiK>ni(onnj> cormsRin of rcinkiawl concruic structures' I his technique enables inlormation on Uie 
mechanism and rale, of corrosion proi:cs.scs at areas idtmlined in aincntic stiucliints As the noise 
analysis esitmalcs the inslanlaneous eonosion rale, il is an atided advaiilage amting the already 
t^slablislictl poteiilial miqtping technique. 

4.IJt.l. IVinciple: A low ampliliitic. vurialiortof dte eonosion polcniitil (range of IpV lo 
I Oiu V, lOpI Iz to 11 Lt) of steel in concrete Is measured to obtain a noise tLua as a record of ixiicntiitl 
fluctuuiitins ill die form of power spectra. 

4.1.8.2. F-quIpments nettled: Since fluctualion.s arc m microvoliagc. a highly sensitive 
e<|uipmcnl is ncccssiiry. 

1 Solartitm 7055 

2 l.hgiiol voluiictc; 
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1 I /igger(|Vi<cniiiil lime rocf«nJer) 

<1 lle%\lcn Pack.%ril lil’-XS Micm cnmpuier nr an et|uivaleni unit "Solanrcm 12(X1 Signal 
Pnxessor” which lombincs ibc ahi.ivc >1 ini(lvii.hjal unlu 

Address of supliers 

Sukirlron 7055 

Solartmn liumimcnu. I l('!L I xd., Initnitncnu Dtvuicm, 

Victona r'U>ad. l-airtnjrrvMjgh, 41, [Rxpak Buiidinj!. 13, Nehru Place. 

llamp!ihirc.(:U147,»'W.lingland New Delhi-110019 

VoUmeter 

MLCO Littruoicnbi (P) Ltd,, 

Bharat IndusUiol Baitalc. 

TJ. Road. Scvrec. 

B«nhay-IOUf)l5 

4.1.8.3. Technique: A schematic qrexpcrimcnUtl set-up used in tlie invcstigalinnof nnise 
studies is shown in f-ig 4.1H. Noi.se .source is located within die probable comidin^ area. A time 
record of sunicictit interval i.s monitored over the I'rcqucncy ranjte (lOplI/ to 1 ILs). NoLse data as 
a record ol potential fluctuation is obtained. Noise sijinul is iranslomtcd from lime domain to 
Irequcncy d<nn;un dispbymg m Uk' fonn of amplitude and frequency ha.scd on cither lust I'ouiicr 
I ranslomi or NLixiinuiii Lninjpy Method ol .Spcctnil Analysts’ I he measurement intetval is u.sually 
between 2-10 .seconds depending upon the frequency range applied to the specimen. 

4.I.K.4.1 .abnratory inve.sllgalinns: Lleclrochernical potential noise mcasiircmcnls was 
applied tin concrete .specimen lor a-sscAsing the com.vsion of rebar in concrete-. Studies revealed Oku 
iMise luiipliliKle nRiiuses with dccTUising Inxiuenes' lor inKunhtmnuUed unKreh:. Now: nuttcsureiiienls 


iliiKlusbtn liisuuxncnb Ltd., 

701. Vbhol Bbavun. 

95. Nehru Pluec. New Dclhi-1 ICXllQ 



I RErcnCNCE ELECTRODE 
} CtJNCRETt SPECIMEN 
3 0K>Ta«. voltmeter 



X, HP BE, MCRO PRUreSSDR 

S GRAPH PlOTIrH 

B data store 


Kig. 4. IX. Bi<H-k DittgrumurNvise Meusuring Imtrumcnbitioa 
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inaik' (HI sK'cl cintx’4l^k'4l lu ctHtuvlc L'oiiUunitialEd vvitli diluridc rcvculctl lliul senes of flucliulHms 
jiTu ivtkauK'ii due to uLsUuikuieoas {sHculiul iliu|i wliidi indicates tiui the system is undefjtnin)' pilling 
type, of com>sioo 

It has been reported liui the exact nature of relauonship between noise spectra ol potcntLil 
tunc a‘c«jfds is still uncertain*. 

r<MTOKinn poleiilinl luvise inuLsiucinenls leive been made on rcitifotcedctMicrcIc sliiicliire to 
uiulcrsEiiHl llie tvlujvioiuofruKir cnitx^ikled inconcrete TlieincasuiunenLsatercstiicted to .spccinc 
utca of inleicst us previously specified by isopolciitiul mapping. This technique is useful foi 
ideiiiiryiiig ureas where active conosioii of pilling type is ixcurring-. Fiom tlie speclrul density 
pliHs. oiK‘ can know ihe role of i requcncy. 'Ilien time constant of iIk noise transient is obtained rrt>ni 
the slope of the plots indicating whether llie system is under pitting (-HI to 2U dif per decade or 
undergoing general corro.sionf'BO to ^kJB per decade). Hence. Ihis technique has been used (o 
assc.ss the level of die cinrusion activity of tlic steel in concrete under laboratory conditions. 

i\jlans.iiion resi.siatice noise meiliod which combined the elfcclol pixcniial and current was 
employed in concrete beamsf blocks. Studies revealed dial this technique cannot be used lor hirgc 
rcinlorccd concrclc structures as rcinlorcemcnts are placed together. Rclined work on die above 
tccliiiiqiic rcvcmlcd the ii-vigc ol cximial polansing electrode for :Lssc.<i.sing corrosion nitc. Sludic.s 
slKiwnl dull ctirreiil mapping mcllKHl coiiibineU wiUi dectniclieiiiK:;il iioiscr ciuihles in obt.'Uiimg 
isotx)(ciili;il nujppiiig by using cxteniul pluliiiuui elcciiodc a.s souice of cuneiil to polai i/e die sled 
lelxir. Ilic plaliiiuiii deettode is iiuiiiilaiiied wd lu cicsurc adequate conductance pudi to concrete. 
Mean current How and current lluciualiun identifies die area of corrosion and indicates level of 
comiston activity including film breakdown :iiid pos.sibilily of pilling type of corrosion. Ibis 
Iccluiique is tmalogus to potential noLsc mediod. 

4.1.K.5.1'idd investigations 

(A) Applirallon to Ri-lnforced Cxmcrde Slriictures 

fhe uschiinc-ss :md lettsihility of this technique in monitonng the insianiancnus corrosion 
rale lor lu-silu ;i|tplic:ilioo on reiiiforeixl amuete sinKinre lues Iveii iiivesligaled by some workers- 
Noisc iiieasuteitieiils were made lor assessmg the eoiiditioii of rciiilorcc*<l coiiude swuiiiniiig pixils. 
This technique was also used on tiK’ retaining walls of a training pool and monitoring was done 
III areas where cracking had occuned and also in lueas wiierc calcareous ilcposils has ap|)uired on 
the ctmerete surface. Measurement inienuls usually were between 2-10 seconds. Noi.se data obtained 
on swimming piKil wall was higher dian duise fouml in chloride coniamireiicd coiK'reie. ('orrosiini 
rate observed on-site coincided widi Uiose obtained in laboratory condilioas. 

(If) Application to l*i estressed CmKrete Structures 

Llccincal noLse technique was applied to galvani/cd prcsircssed wires grouted in a retaining 
Wall-. Noise data indicated dial the attack was localized which may be due to breakdown of 
gulvani/ed layer Ihisobservulion was consistent with iho pitting attack visiuilly examined 

4 . 1 . 8 . 0 . i.imilalions; Since lliiclnalionx am in micmvoll niiige, a liiglily vuisilive cqiiiptiiciu 
Ls tieccxsoty. 
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4.1.8.7. (..’oiH liKlon: ricctrtx'hcmicaJ noise tnoniloring is an emerging (eebnique. Ii nccd.s 
furUhT ilcvciiiptnem so as Ui siitisIacUirily rulale Uic ilaui lo corrosion nitcs 'I lie leasibUity ol using 
litis leclmiqiie fur on-site laspcclioii is lo lx*. esUiblistioJ 
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4 J. Corrosion MoiiitoriiiK of Prcslressin}* Sleet in Post-Tensioned Concrete 

4.2.1. Corrosion inonitoring of preslres.sin}> steel liy eketrical resLstuiiee technique: A 
criltcal cxnnitnuliun of tlu: tivuiiablc lilcnilure infimiiiilion sliows lhai no ftKil proof non-dcsiruclivc 
(txhniquc is uvallablc to monitor the condliion ol prcsircssing siccl wires in prcsiresscd concrciu 
bridges. Aiicmpis were made by CHCKI lo quantitaiivcly asscs.s ihc corrosion damage in ilic 
prcsiiesstng ctiblo by making dueci electrical rcsisiancc mcasuiemenis. In ibis technique, ilic ends 
of the presircssing c:ihlc,s aa' made ixTCssiblc lor giving clccirical connection. 

Ilic condition survey carried oui on a few presircssod concrete bridge.s by the Ccniral 
Ploclrixlieinical Research lasliliile lues mvealed lhal (he pntslressing .steel lixs inidergone severe 
nisling In Mime case’s, wires were IimiiuI lo luive snapped. An electrical ru-sislamv Icchnique lets 
bcA’ii adopted lo tcsscss the conihlion of preslres-stng steel wilh s;ili.sfaclory rcMills I tieorelic;il 
clecliical ntsislance was e:ilciilaU*d uiul :xluul valiH’snicasiaeil iisiiig (his inetliiHl was couipatcd 
willi (lieorelical values. 

4.2.1.1, IVituipIc.'riteclccirical rtswiaiwc 'R* ofustnglcprc.siics.sing w'lrcuflengih I.’ is 
given hy the equation. 


R=i* I/A ...Uqii. I 

Wlicrc. A IS the area of cross-sccnoii of.single-wire 

p IS ihe spccilic resistivity ol preslrcssing steel 

Whcti ihc cross-secuon area A’ rcducc.s due lo corrosion, resistance value ‘IC incicascs. 
Tlvc rcsistance value mcAsurcd can be coinp.Trcd with iniital rcsisiancc which is calculated wiili 
the known initial diameter liy pcnodie ineasiiiciiienis of resi.s(anee values, eorrosuin nilc is 
calculated 


A ivpical pic.sUessiiig udile eoiisislsof 12 wiresof equal diuincter and die wires through 
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stressing operation are short-circuitcd at the anchorage ends. The wires ctin. therrJon.', be awiHdcieU 
as parallctly connected Theoretical cicctncal resistance of a cable 11^ is given by, 

\Lf = \<J\2 .. Fxin.2 

While ealcniatnig ITp (he p<vv<dhle slwin eircuiling effeel due tis cables biucliuig caeii oilier, 
uible sheath cniss-scction. etc. are also to be considen’d wlieravcr iieasoary iVrreiilage redmluwi 
due to corrosion can be .irrived a| after uclually ineasiiriiig die resistance (R^) 

|x:i cciil reduction In duunctci s 100 (I - VR,/R^) ... liqn. 3 

4.2.1.2. lieitrunK'iil. CTX'RI, Kaniikudilm developed a portable baliery powered iiESlnuiient 
.spccillcally for cable reslstaiKC niea-suicment'. Hie insinuiieui coniusui of a constant cuiretit source, 
an aniplifier and a L C display. 

4.2. 1.3. TechnUfue: The above said insininient is used for cable resistance nicasuienicncs. 
'Htc s-ystcni u.ses fixir probe pnncipic. It is a digital, mains operated, micro ohm meter W'odcing on 
this principle. A coastant direct tiintm of the order of 100 milli amps is unpressed ilirough current 
icnr.inals of the meter and a potential drop across the ends of die cable is sensed, ampitlicd and 
displayed restsutce in milli ulims. In this mctlKxl. contact lesisiancc is climin.'ttcd and tlic rcsisuiiKX' 
of the connecting wires are not included. Altcmativcly, any suitable resisuiiKe meter can K”? used. 

4.2.1.4.1.aboratory Investiijatkwvi 

Applii'Mthitn to presIrvssL’d cunercte structures 

Work carried out by CKt'RI 

In order to verify the useiulnc.ss of the tccliniquc, laboratory sunulation studies were carnal 
out •iiCLC’RJ, Karoikudi A bunch of 12 prestressing wires was subjected locorrosion in .acidifial 
chlondc solution hicetneal resistance was monitored periodically Actual duunclcr of earJi 
individual wire at a mnuht'.r ol plairs was also niea.siired using vCTtiier calipci. .Studiesshowed 
that inspilc of wide vanalion in the reduction in dUimeier of individual wires due lo comrsioil. 
there is gucxl corrcbliiHi between Uic average reduction and mea.surcd rcsLsuince R^. llg. 4.19. 

4.2.1,5. Field applicatiuns 

Application lo pre.stre.s.scd concrete structures 

Work carried out by CKCRI 

Hus technique has lx:im used with fairaimHiiil of .salisfacioiy results in some prcstn:.ssed 
concrete bridges in our country 

In bridge ‘A’ which was a new bridge under construction, the cable under mcasurcnienl 
.slKMild liave atlieorctiail resistaiKC value R, of 14.2 miUiohm Ihc measuredrcMstiniv. 'R^* whidi 
was measured in that gridor jiBt alter prcsircssing was liaind lo lx: 14 7 ntilli olnn indiealiitg lliai 
■R j’ in a new gndcr i.s m good agreement with ‘R,’ 



RESISTANCE. Rm ( ) 
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In bridge ‘H’ which was worst aiTcclcd. cable 1 wth a R., value of 33.9 milll oluns showed 
a R„, value of 43 milli ohm after 16 years The actual dtatneta of the cable vvas measured to be 
6 luni at a vi.sible location iastead of 7 itini Similarly, caWe 2 with a value of 35.8 milll ohms 
slxtwed a value of 70 inilti olinLs uTter lb yaux of eonslructuui and tlie :tclual diameter t>f this 
cable was uiea.suted to he 4.7 luin at a visible location instead of 7 niin. 

Table 4.3 illnstrates the (irogress of currosiun in cables with lime metisured in bridge 
It can lie cicutly inferred that over a period of 4 years (from 11th year (o I5(h year), 
corrosion lias pn)gres.^d to an extent of atxml 7 lu 10 pet cent reduebou in diameter, wtudi is qniU*. 
appreciable. 


Table 4 I'rngrcxs iif ('nrm<ion In C^hlex with Time Mea.Kured 


Cable No. 

Koiistance (millohnu) 

Reduction in lha 

Age 

R, 

Rw 

percent 

(years) 

1 

3.7 

7.8 

31 

U 

1 

3.7 

10.3 

40 

15 

2 

3.7 

8.8 

35 

11 

4 

3.7 

12.0 

45 

15 

3 

3.7 

13i 

50 

11 

3 

3.4 

18.4 

57 

15 


(^nuniiiative asse.ssinent of corrosion daumge in the presttessing cables of piestrcs.scd girders 
was made mi a Bridge simaure, in Malunaslitra, using Oils technique^. The ends of Uic prestressing 
cables were exposed for giving electrical connection. Percentage reduction in diameter of 
individual cables which refers to the general extent of corrosion in cables aixl shoatlis was worked 
out. It was iound that there was a correlation between percentage reduction in values obtained 
from actual dtx measurements. 

Llectncal resistance ol few cablc.s was measured at different tmie mtcrv:il.s to get some idea 
.'ihoul progn‘.s.s of cxamsion m the pie.stn'SMng wires wilh lime. Il was fontx! Ituu elirclrical texi.slatice 
gcncntlly incie.ased with lime irxlicalmg prognxss of aumskin. In sonw cables dc*cTcasc in rcsi.slana: 
values was also obtained, llils may be due to .short circuiting between adjacent cable.s due to 
snapping of wires. Kcnluction in diameter varied from 25 to 42 per cent in different spans of the 
bridge structure. I’crccnioge corrosion varied between 6 to 76 per cent. 

I'lecuical resistance measurements indicated the discontinuity in prestressing cables’. 
Hstimalion of reinforcement corrosion was also assessed by measuring the reduction in diameter 
due to corrosion in prcstrc.ssing cables pier 'A' of a major bridge structure in India. Actual 
pcfcenkigc reduction In d iameter of cables ranged from 7 to ^ per cent. Survey made on the eastern 
side of the cable ol pier *D' rtvciilcd iluit reduction in dlamcta ranged fmm 0.9 per cent, whereas, 
cables at oilier end were found to he in tact Jilcctrical resistana-. measuremenis showed that ihn 
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average percentage a'JucUon in Jiunieier of the pie&ircssing witch due lu cuitDSKiti wiulcv out lu 
be abt>ui 15 per cent. 

Condilion.s dT prestressing cables in five diTfcicul spans were ascertuined by tins lccliin(|iic‘ 
where ends were made accessible for electrical connection^. I>.iu revealed that |>eiceniagc 
reduction in diameters ol presiressing wiie.s varied fnnn 9 to (i6 per cent. Measureinenis indicalctl 
out of 22 ca.sc5. eight cases indicated c'onsiderable reduction in diameter. In three positions, 
resistance value was greater than 2000 milli ohms which indicated discontinuity probably due to 
snapping ol wires. 

4.2.1.6. Limitations: livcnthough the technique loolcs very simple, lot i>t care shield he token 
while making the mcasuieincnts. Cable ends are to be made aiccc>ssiblc for making electrical contacts. 
In the exisung bridges, this may be possible only in Uiose cables which are anchored at the deck 
Cable ends are to be; cleaiKxl tbonmglily toensuiv gixxl electrical oxiUrct liilerpretatkHi ol Oie rusults 
is to be done, cautiously because of nnknown taclors involved ('ondik'tingcomisiim products, such 
as, sulfidesdouury appreciable curTvin aiuj affect Uic ineasiin;iiicnls lits hihI perforations pnxluce 
em.«etHJsly higii cxnnisKjn rates. Wlmle eak:ukitii«is an; Iviswl lai tlic assiuiipiion Uvii the wiiusleive 
uiidergiHic uniform conrosioii tluiaiglKiul tlieu lengtJi. Iftlic conusioii Ls highly localised llieti tills 
leduiiqiic will not lie able (o iiidioile iiie same In spile of .alt Uiese lunilalioiis uiid uiieeilaiiily lacUvs, 
his technique can still provide .some infonnution about liie condition oi prcsircssing steel. Instead 
of one time measurement, it is desirable to periodically take this measurement. An increase in 
rc.sisiance witli time is indicative of corrosion in progress. It is to be cmph,a.si7ed tliai since it is 
not pc^sslblc to identify and isolate tlic indisidual wires and all the wires and cable sheath may be 
short circuited, the measured resistance values represent the overall condiuon ol the prestressing 
.system. 

4.2.1.7. Coiic'luslun; Llectrical rcsist.incc ic'chntquc. based on field survey appears to be an 
useful approach. If the uncertainty factors a.ssociaicd with this technique could be properly 
undcrsiocxi and eliminated by carrying out laboratory simulation studies, inlcrptvtauon of Held data 
can be made more precise and in that case these technique can become quite piointsing, 


RHT3<KNa->* 
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4 I>in:c( F.vumtiuition uf Cument Grout und Preslri:»iln|' Steul 

43.1. Kadi<i)>raphy. Kadioprd{)ljy technique is txie of the oon-deslnjclivc inetliods uf Icstiiiji 
concrete for obtaining infomiation about the location, concrete quality and area of steel in reinforced 
concrete structures. Use of radioactive isotopes for concrete testing have been employed in 
T-radiography studies**’. Kadiography technique is reported to be a reliable method of locating 
internal cracks, voids and vonatton in density ot concrete 

('laKsincaum of liadiographic Mchods is shown below; 

Kadingraphic nKthods 

Np * ^ 

X-rays T-mjs 

Appheation of radiograpluc tneUtnds using X-ray and Y-ray radiation for testing of umcrcU: 
in detection of flaws, reinforcement localitxi, etc. Itavc been comparatively of recent origin for 
in-silu measmemenLs. X-rays and V-iays arc in vLsibie elecUumagneiic radiation which con penetrate 
coucrctc. 11)ey travel in straight lines. Rays allenuale depending on nature, density aixl thickness 
of coiKrete. 

43.1.1. PrirKipk: The principle ofradioscopy is that the emis.sion of Photons by the radiation 
gciierauv is iraasfonned in visible light by a lluorDineiallic convener for attaining maximum energy. 
Uy placing the radiation .source on one side ot the coiKrctc and a photographic plate (recorder), on 
the other side, it U possible to determine (he density or thickness ot concrete provided one factor 
is known Photograph of die concrete is produced from which reinforcements, crack-s, voids, etc. 
arc idcntinuil 

43.13. Equipincnts iwcdMl: Radiographic linear accelerator. Area Moniicws/Survcy Meter, 
Zone MraiiliHS, Muoroineiallic Couvener. Mirror. Camera. Memory box. Video monitor. Image 
rcpc\)duccr and Persoanel Monitoring Badges. 

Linear Acevirratur 

I.incar accelerator emits X-rays with peak energy icvcl ot 8 MeV wtiich aremon; penetrative 
than 1.17-1.33 Me V radiauons from cobalt sources*. 

Advantages claimed In using Linac when compared to other sources arc: 

1. Linac Mini AccclcraUrrof cven4McV iiUu%vy naliolugy nfcoocrctc bridge of Ihickne9>s upto Imt 

2. Total radiation (sviittcicd nnd leakage) Wf>uli1 not exceed 0.2) per cent of main beam of the aourcc 

3. Greater siifrty as radiation is stopped vrhen electric supply it cut 

4. Belter picture quality. 

5. Source always luive same energy and s.xinc Dow. InlhccMC nl radioactive tourcc-x. Activity docrcates 
very rapidly. 
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Area Monitniinj’ In^ruiTH'nts 

Atea inuniiiiniig lastnimcnEsare i^scntial ft*r pcniKlic inoniUTing ol nulmtion cmKtcJ llie 
taiigc of llic lucicr should lx: O^SO R/lir or 0-20f) R/lir (iippnix) 

/une Muniloni 

Zone mnniliY ls used foi conlimioas moiiiloritig of nidialion al (he entry point diuiiig ll>c 
exposure lime. I^uige of iIh: iiionilor lk usually 0-200 mR/iir 

Fluorumetallk Converter 

Euieiging radialioo is traasfonued in visible light u-sing this amvener. The composition of 
this converter varies for the energy range used. 

CuilKTU 

I'bc tmugc formed is taken up m real times by the Camera. 

VIfkn Monitor 

llie observation of iransniitled image Hhmgwitlt miiirdmg is done using UiLs luonibv system. 
Repruducer 

Arcas of interest indicating voids, cracks, etc. arc obtained in the photograplilc paper. 
Personnel Moiiituriiig Budges 

ITlm/Iliermo Luminisceocc Do.se ineteis badges riLD) supplied by Division of Kadloiogical 
Protection. Bombay arc essential for monitoring the radiation doses received by the operators 
working m this technique. 

Addreiss of suppHers 

tinmnw Radiography Equipment 

Rich Siclert & Co., The Sacnoftc Instnimeni Co 1 lil., 

Ronigen Work, 480/3 Khivraj Complex, 

itogenstr 41,2070 Ahrensburg, Nandmm, 

(Cicnnany) Madras 600 035 

.Scorptan Sy.strm 

('(‘litre (la the Study of Tedmiques of PquipiiKnt 
CFTTi, Nonnanidc Caiire. IJtPT, Blois. OTiANCE) 
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Llntstr Arctrirnilor 

UuduiiitMi 1 )ytuimicK I -Id., Siemens India Lid., 

IJ.K. Worli, Momkiy 

Survtry Meter uiitl Zime Meter 

I Jectronics Corporation ol India Ltd., 
instrumcniuiion CiaHip, ('tierkipulli, I lydaulxid-.StXl 762 

Tersunnel Moniloriii); lltid);u, 

llic Oiriccr-in-tharge, 
ll.Ul’tTsonncI Monitoring Services, 
l^visuH) oi Kadiological 110100000 . 

HARC. llomtyay-4<XMXS5 

4.3.1.3. 'I'eelinl«|iie' I lie nidiaiion source is kept on one side of tlK*^ concrete and n 
pliotognipliic pliUeINI ilw other side. I lie sclK'nuittc and mcliKKiology diagram oi tins teclinatuc arc 
sIkiwii III I'ig.s. 4 2tl and 4 2I flic r-.Klograptne liiictir accelerator ileliveni a dose rale ol I .MX) rati/ 
iiiiii at 1 III front the target in itic nutiii he;un Miutitnuni energy leakage occurs at an angle ol lOS" 
to the main radiaiion lx%-|in Studies siKiwed that inaKiniuin scaltert^d radiatiim Irtnn bridge ntad 
surt:«e txx’urs at I SI)' to main beam diax tion^ I Ir total scatlcrwl and Ictikage ntdiain hi slRUild ntit 
excectlO.21 percent ol the main lieaniat Ini Innii llie assemlily I'tKitogninunetiic data aiuilysis 
sluiuld be nuidc :uid cxaniiiialioii regarding loctiUtHi. sire orrcitiruraanciils ur' iiiade to know Utc 
condition of concR’tc lor evaluating tlic extent of damage ixxurrvd 

4.3.1.4. l.ulMinitur) invcstigutluic, 

(A) Application to Reinforcc'd Concrete Speefnien 

It has been reported dial die application of Gamma Radiomclry has been cnnlincd to 
laNiralory conditions'. It measures ihc tlcasily of freshly plactal etiiicrcic. I'he principle of 
opcr.iliori is stiriK’ as lhal of 1’ radiognipliy except die posiliiHiing of SiMiree and ica'iver whidi arc 
lield side l>y side perpeiidiciilar hi ctincicte sinface. Kadiatioii is allcnimled when p:Ls.siiiH dirtiugli 
(lie conoele and scallered in all directions 11ic receiver tielcels die ludialion and is iheii rclntcd 
U) densily of liv coixTule by cniphical means. 

Siiitlics sliuwed die ))os.sibiliiy of following die evolution orctirrosioii products by X-ray 
radiography lecliniitue oh tcNu endiedded in concrete''. Llcctrodicmicai corrosion of rebars 
WHS acccleiaied by impressing anodic charge of +850 mV. Concrete specimen were exposed in 
3..5 |x;r cent NaCI solution. Measiircmciiis of com)siou products were taken by passing X-rays ol 
0.01 lun wave leiigili. Radiogra|)hs wcie token on six specimen at Interval ol 5 days upto 55 days 
of c.sirosure. It was found dial concrete cracking under diese conditions occurred atler 27 days ol 
exposure afier die formation of 1000 gm/ra* of corrosion products. Radiography lectiiquc was 
employed in concrete blocks of sUe lO x 22.5 x 30 cm for understanding die corrosion ol rebars 
in concrete blocks', I'he condition of 3 bats was. such as, to simulate nocoirnsion. .slight comiwun 
and severe pitting corrosion. Radiograpli profile of the 3rd bar indicated die presence of piiimg lypc 
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Fix. Schematic Dinxram of Hadiuxraphy Technique 


WNIIC f*tc>«C5. 

SMOWIW — 



f*.ot tPKtnutr.t mtm 

i*CK or oMUT 
iixtuw 

ft«(aix>)«rtiic rooriit 



Fig. 4.21. Frunl Hevolion of n Typical l*rv>trwwd Concrete Beam shotyinx the Knclioxruphic 

McttHidi4uKy 

i<l comvtioo llic honey eontbin^ prcsent in concrcic specimen was Ji&ttnguishCilii.s while* puichc.s 
tin Hidiograph reproduced. 

Radiography icchniquc wuscmploycd in locating the position of steel rcinlorcing bats in two 
concrete slabs* UK) mlllinineradioitctive source was used for Uk*- study Slabs liave been cut open 
and measua’incnis have shown dial rebars were precisely in the positions indicated by nidiogr.ipliy 
vwirk 


y-i:iy lailiutioi) wu.sused for dctemiiiiiiig the llitckiiessul'concrete slabs of known density*. 
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('acsium i 51 of 5 oiC; was used os ihc source. Tbc radiaiiou Uuutigl) ihc slab was measured by 
a scinbllaiion counter placed on tbc other side of slob. Tbe Deteeux is moved until nuuiininii cxHint 
rate is obtained. 

In lObb. I’rviss"* has calibrated a curve finding a correlation between count rate icaduig and 
slab iliickiicss If Kicel rebar is met with, count retiding is reduced as steel is denser than concrete 
and hence numcious readings siKiuld be Uikcn and highest retiding is taken for determination of 
slab thicknes.s. 

It has been reported that internal structure of concrete and devclopcncnt of micnxriicking 
were studied by some workers using X-ray radiography. X-ray radiograpfiy was used for detecting 
the amount of conosion (not tlic rate) of rebar in concrete coniaioing various amouuLs of chloride 
lon-s”, Density of X-ray film decreased wiUi increasing corrosion of steel. 

Some workers have reported the as.sessmcnl enteria for T-ray Back Scatter test for 
quantifying lla: concrete iiuaiily'’ 


n.rck Scalier Reodiug 
(nun iteel) 

Douity 

Concrete quality 

83 

>2300 

Good 

73-83 

2000-23UO 

ikiow average 

1.5 

<2tX)0 

IVXT 


(B) Appikalion to PreslresNcd ConeniU) Specimen 

KiteraUm: survey revealed dial damage In grouted cables in wliicli ducl.s were partly groulcd 
or where grouting materials remain in fluid conditioics could he iduntined using Radiographic 
analysis'''. 

Radiographic examination of the ends ot prestressed beam demonstrated tbc possibility of 
identifying the type of rcinlorccmcnts’. Ihc rcinloaing hors and prc.siie.ssing wires were idcnulied 
and light shading (fade colour) obtained below Uic piestressing wires showed lack of grouting in 
Ihc p;irticul;tf area of concrete beam Radiography technique using T-rays w;is used for identifying 
die presence of iKMreycixnbing, cracking and for iinderslanding die performance of injected grout 
in prestressed concirtc struclures. 

linpetrcclion, like, ait and water pockeLs entrapped in grouts in die ducLs containing 
piestressing wires was e.xamincd using lhi.s technique'^, lixicnt of voids in grouting pte.sem in the 
ducts was also investigated. 

Literature survey showed that X-ray radiographic examinodoo was carried out for studying 
the bond stitsscxisong In pnestrcssed bcains'\ Measurement of strams in prestressed wires without 
disturbing the concrete was done using this technique. Small lead markers were placed in slots 
in the reinfoneng steel while casting concrete. (Aisibons of markers before and after straining w;is 
recorded using X-ray photography. 
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4.3. t.S. Fk'M wf>plk’Mlioici 

(A) Application to Keinforc«l CNincrcti: Structures 

liivcsOgatiitn ot Swayliiling Itrtdgc. Southampton was earned out using Radiography 
itvIiiiKiiK’^ Adeippio espi-surc gwuiiftry was obtained when tlK souree lilni distance (SI ID was 
twia* die objea lilm distance lX.‘tca\ such as. voids, cracks, position ol nxls. were idcntiticd using 
this technique. Exposure time lor radiation was 28 seconds for a concrete beam ol 870 inm in 
•Icpdi I ight vertical exposua-.s using I inac on the bndge deck was made. Radiographic 
cxiuiiinaiions wirreal.soauriedoiii on iiiiiiibcrof conciete bi'ainsol lliickiiessnuiging Irom MO 
10 157S nun I 'ive iKin/twiial e.xpivsines iiiKler llic bridge ika-k llmNigh llie .snppotl hoam was made 
using 10 ('i Iridium 192, or 2 Ct Cobalt (iO source for which die cxpusiue lime wa.s 15 mmuies 
or 12 minutes per exposure. 

Reinlorccmenl corrosKin was detected using X-ray and y-ray radialloas when the thickness 
of corrosion was grealcr than 0 2 mm'*. 

(It) Appliratlon to l’rt“vl reused t.TrnrrrIe Slrucliir*^ 

ChialUy ol gnniliiig in prestressed concrete structures lias been vcnfied in I raiicc since 1968 
by r nidiography technique. I rum 1985 onward-s, examination was carried out using l.RIf ol 
BI..01S wth minialum 1 .mcar Accelerator’ 

RadioscopK examination ol prcslrrvsed concrete bridge-s ha.s been done using 'SCORJ’KJN* 
system Ilirmigli a linear mini accelenilor of 4 MeV which allows iiHliology of coiicrele hndge.s 
of thickness uplo 1 metre Relltu^ picture i|iiality, greater safety are the aikled advanlagea elaimed 
in using linear mini accelerator when compared lo coball 60 sources. 

According lo FIR, radiogiapliy technique using X-ray or T-ray was used for checking da- 
localiiHi hikI condilioti of presUcssiiig icniknLS for emirs in posilitaiing, steel failure and fnictiue.s, 
cornisioii or lack Irond'^. Thi.s icctiniquc was al.so u.sed for checking the quality of grouting in 
puMres-seil conuete wi«ks. 

4J.i.6. Safety measures: IVoper .safety imrasurcs are to he taken for the protection of 
Operators from daiigeis of ex|)osure to radioactivity. 

T he radiation salcty procedures wnh rcgiu’d to Radiography technique arc as lollows: 

I The ruikd in l<< be closed for vehicular Uufnc aud loud buiricis uix* lo t>c cicelcd 
7 I x:ad nhieldmg walU should be placed between linac and public bouse. 

5 l‘l>ishing Amber lighix shinld he erected <>0 seconds prior lo commencing ul operauon 

4. Quiirt/ flbic elcclnwi-i •pcJ^ aaisi be w>rn by aII oporwors. 

5. I'otul ubsence of loitdic uiovcuiculs sliouKI tv ensured 
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4^. 1.7.1.iinibilH>n.s: Follnwin^ arc Ou: tiinilaUnris wtUi tugard li)a{i(>licali(Ni of i:idi(ipap>iy 
technique: 

1. Radiatk>nx being diingcrouf, cxtTii pFccautiooary measures are to be taken. 

2. Two opposite (aces of die structure mutt (le accessible. 

3. Radiography technique can be used to examine concrete upto about 4S0 mm thick twyond which 
exposure time becomes more'. 

4.3.1.8. CoiK'lusion. Itixpcclitm by ratliogrphy tcduiiquu uxiiig I.INACSiHitcc wttx rtMitid 
tu be u.xcful in osticssing the quality uf grttuliug iu picslre&scd concrete bttdgcs as it ilelivcrx 
ntaxintum energy with niinimunt losses wlicti compared to otliei radioactive sources uset) in 
IT-radiography. 


I lintuib Standard Institute, IIS 4408. Recommemlatitins for NTTI' of T esu of (.Vncrctc, Part T, C i-.imma 
Ratliography (VxKTute. 

1 J.A.. Funcstet. "GuiiinmKadiogiupIty ofrixtcrcte". I’iipcr2. Syaiposiuiiioii NlVf ofCuiicrctc utid 

Tittiber. June lf)69. Itistitution uf Civil Engineers. Luiidw, pp. 1317. 

3. Guinez Robert cl at. Ccic Normandie Centre. CRPC, lilois, France, "Radioscopy of Prcsus:sscd 
Concicic llridgc". pp. 347-352. 

4 l>illcii Dciek and Gayion, Ron ’’Reivei on the Radiography of Swaythling Itridge", llriiish Io«rn.il 
• .fNin 

5. EJvviy. R.H.. "Nun destnx,-tiw Testing ofCoiiaetc and Its Reluliunsliip to Spccifkulioi»", Concrete. 
May. 1971. |»p. 137.141. 

6. Skoulikidius.TlicxKtur. Mainakis. Dimilruis undButrs. Georg.. "X rny IVrmcubility of Corrosion 
Pioducts as a Measure of the Rale of Corrusiun of Rclxtrs and of Prediction of Ccncrclc Cracking' ‘. 
p.108, R.117. AS1M.STP‘X)6, 19X6. 

7 I -orTesicr. i,A.. "Applicaiitinol Gamma Kadiogniphy to ("•incrclc”, Ihc Engineer, I95X, pp. tl4-315. 

X. ■Wliiffiiu A.C.. "Locating StescI Reinforcing Bars in Ci>ncr«te,Sl.alw”, The Fnginocr, June IX. 1954. pp 

X87 XXX 

9. Review Report. "Non-dcsiruclivc McUMxis of Testing C(«icTe(e’‘,CcnienlRcscuivli Institute of India. 

Dee. 1969. pp. 48-57. 

Ilf I^Lx.s K., Measuring the Thickness ol Concrete Slab by y-ruy Tnmsm’ission", J. ACL Eioc. Vol. 63, 
No. 7, July 1966, pp. 743-748, 

11. Omisby, W.C., KT Annual IVogows Report, .Sept. 19K4 

12. CEB-FIN Cixlc 1990. 

1.3. RP: Guides to GtMxl fVutlicc. "Maintenance ufPiesUesscdt^incretcStnictumi". Jan. 1978. 
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14. lintub Standard Initutuic. fIN: IKKI, (IVtrt 20S; Koaunmerklatjriru! lor Kadliigraphy t/(ViiH.rvii:’' 

IS R II. and Riibin«on. (i.W , ‘’ll.ind Nircitu In IVciircwed Crmcrtflcfnr X-ray I’biMfijtr.tph*”, 

l‘n<cccdmgi, Itrtiitutirtnuf Civil lingmeen:. I •indi>n. Vnl 4. No 2. I*art-I. March 1*155. pp 212 25S 

lf» Rilciii Rt.v<.iiniirciidnlii.io 45 I Tf) (ViiimiiUcc, LmijTcini Observation of Sttuctui«s. 

17. I'll': Umdes IuC}<hkI iVacticc. ’‘Iiuptxlkm ;uvJ Malnlcnan^.■c of Reinforced -and PmtmKcd Concrete 

Stiucturcii". PIRfi. 

4.3>2. ICiidoscopk' Ivclinique 

4.3.2.I. Iniroductiun: ('lose vi.suul inspection of the critical internal surfaces of tubes, 
pressure and otJicr large vessels and structures ciui now he made faster and more economically by 
using cndosa*pes. l'nd<*scopcs are designed specifically for inspection operations whore the 
iiiMniiiieiil ilH'lf iiiast he vm long in ortli^ to rettcii (lie arcts wliicli iicctl lo lie .surveyed aiMl wlutie 
high kwels ol illiiiiiiiKitiotis ;ire also ror|iiire(.l Tinsoptiuil Iccliiiupie Ills hecn InctI in posl-lctisiiHK'd 
pn.Lsimssed coiicteic .stnicinie.s lo dieck ilte uiiiililitiii of pn:sties.suig icikIoils xs well xs die gniuled 
duct This IS a M.tini-dcsinjc(ive lypr’ of inspection* 

4.3>2^. rriiH'lple: l'JKiosi;iipci.sululx;aintainingaNCiicsori)()Ucal lenses. Ry uxmisol Uicse 
lenses i( is possible lo rrdiiect and icrtx:us tx.'ani of light on the object to be examined. Now -a days 
iiLsieod of opiicid lenses, optical fibres labriuited from gla.ss or pla.stic are used, with sixcablc 
resolution'. I lowe ver, in die ca.se of pfe.stfesscd concrete struaures holes arc to be drilled through 
tile concrete cover to in.scn die endoscope and reach the cable duct 

4.3.2-.5. litpilpments r>rt«1ril; [ ndoscope. extendable lubes with various lengUi. gcneraitn or 
recliargcaWc btutcry pack. Ik'xible fibre glassctibles, uingMen fitanie)il lainpor qiiaiv luilogen tunp 

Address of supplier 

I Icnkc-.Sacs Wfill I .M.. 

4,THiiiieiy Yurd. Burf*nd.dxr>>rdiliirc. 

OX« ODW. tUK). Telex: 09y.^b82 2613/4 

4.3.2.4. Teehnlqiie- Simplest arrangcmeiil to ctirry out diis iiLspectiou is sliown in Fig 4 22 
Tor carrying oiil visual inspection in bndge sliuclixes, cnticui placc.s. such as. cluingc in section 
ol (he thici and siniilar specuil points of die duct arc lo be selected llie selected places of die 
ohvTvaliiiii slaiuld not lie close to olhei cablc.s and oUicr non pre.strcssing reiiddrccmcnt. In case 
III doiihi, ohsL'i vatioas cun tie made by meuas of die endoscope dunng die drillings. Drillings nt 
si/e 21) nun in diameter aie made for endoscopes with a diameter of 8 mm. Ihe depth ol die dnilings 
slKiiilil um exceed die lengili of the eiKloscope. 'Ilic IcngUi of endoscope system can be incrca.sed 
hy die addition of exlcasitxi iube.s avuilublc in lengths ot 0.5,0.75, I and 1.5 nicirvs. All sections 
aie ciitinccied widi cat h oihcr hy nieuas of a positive, square section thread winch inhibits cross 
dueadmg and promotes last easy assembly at site. Now-a-days wndi a new ninge of cnikvsidpt^s 
II IS |Mi.vsiblc lo olLsersc the object from a distance of 50 metres laitri the cyepu-ce 


• In lixliu, cndoscupy (cctinkjuchus I'ceti umMuii Ixidim iKui 4 »riv« 3 'NiufniMki iiiGijj.inaon Nil H.indZa.in 
in lion on NII-17. 
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Hf*. 4.Z2. I*lnd4»iciipk: Kxiimiiuitton otCuhIv l)ucl<i 


Now-a (lays quart/, halogen lamps arc built into (he tip of (lie cndixscopcs to provide very 
hiiih levels ol illumiiutioii necessary (or operation under arduous conditiotts. I lavitij! csiuhlisited a 
drilling: Ik)Ic lo the cubic duct tltc visual iaspcction of (Itc grout, extent ol coirostoii in tendons, etc., 
IS carried out by direct observation. To suit the variety ol applications, live dillerent types ol 
obia’ti ve heads and eycpiecci are aviulabic. By dunging the objective lictid, the angle ol view can 
be udjusled lo (r, 4.V‘, W’. 110" and O'-wide angle. There isuLm a choitv of five different eyepieces 
' inonociiLu, biihM.uUir, 45'', 90' lUid variable nuignification /.txjni. Photographs cun lie inude witli 
llie suitable camera at typical locatioiys. 

KNiimatiun of unip'iiuted duct length 

It is possible (oestiniale the iiiigrouled duct length, knowing the geoiiielry of ihe Ictidon 
and llu; itiH;l. By tiviiig eitlier Ihe law of Boyle* Mariollc or by inaiiis of a llow-thiough gus iiietet, 
llie vohuite of llie duel ciui Iv estinuitcJ. I'roin tliis, length of tlie cavity cun be made. Al ter Uiesc 
nie3LMiieiiienl.s Ihe nccevaiiy icgroutiiig c;u) lie curried (lut by suiluble vucuum pump and cement 
moiuu cuniuiner connected witii hoses. 

4.3.2.5. Field applications Philip Mohr luis performed this technique on .SalliligsuiUl 
|neMics.scd uHierelc bridge in Denmark*. I Ic used Uiis icclinique to liiid Uk* uiigrouicd duct limgih. 
llie inspection ir.t.s earned out by cutting u luilc of sl/c 15 x 30 cm into die tendon using ciTcctlve 
site system. Itegrouling opciaiiim wa.s curried out sutcesshilly. 1-roni ilic studies lie concluded that 
llie re-esluhllsiunent of the diillcd holes including securing of water proofing was unsalislaciory. 

I .iniitatioax: I loles urc to Ik drilled through tlic coiKfClc at scvi^ral place's and hole 
drilling is a specialised job. Drilling .should lie carried out carefully so as lo avoid cutting non- 
presuevsiiig .steels. Inspection Is possible only at drilled locutions and heiK'c. die cniire cable profile 
caiiT lie aivcrod by ihLs technique, (^uanilficaiion of comision is not pos-slblc 
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4mS. 2.7 Ci»nclusJon: I'ndDscopic tcchnii)uc. if properly upplied, can be quite uselul in 
idwililying ungnmted portKms and rcgrouiins tlicm. I lowcvcr, this (cclintquc will not be useful in 
quantity Ihccofrosjon damage. 


lUCn^KKNtlN 

1, Chcsc>% J<ilm H. Mue, ^aivin, A fJavid, l^ncti. Willi^niG.. “Mtm: Optics, tncyclupcdiaot CticnucaJ 

T«eluK>k>)sy", Hdi. Mcrniim F. Monk, fublisbcd by hAn-Witcy & Sons. New York, USA. VoL lU, 1980, 

pp. t26-t47 

2 Mohr, Philip, "tnipection of PrMlrcssctl Concrete StructUics", MPNotes92. June, 1982. 

4.4. IVftecflon orDcreels In Concrete 

4.4.1. Ldlmsunie puLve wlucity Ivchnique: I Ih' iilira'-sxrie pulse velocity teclmiqiieisa iKin- 
destructive nielluKl tif testing ciiiicrcle. It is used fni. 

til) Assessing the homogcniiy of concietn 

(b) Detennuung the Iricutiixi i«l possible delccLs. such as. lorcign kulMlaflccs. enteks (inlcnialI anil 
ureas ol low density 

(k I I Vtciniining the tliivVncsv ut ci.Miciete iiivinlvts where there is access to only one face 

tkl) lX-tciniiiiiri)i dynaimc nnslulus ol elasticity 

(c) .Assessing cvncicte ktrcnglli. 

I Ins ctu) be used on both precast and cast tn-situ elements, and is c-vs<;nlially eomparaiive 
It gives Uu: difference in properties of two apptirenlly similar pieces of coiicndc, or changes in 
properties Itiat a pic.ee of conerclc has undergone.' 

4.4.1.1.1'rtrrciple: .'yHimt energy above the autlible ftctpKnit 7 of 1 h.tXX) 11/, is tiesigiuiletl .as 
tillrustniics It is a foiin of iiiecleiiiiuil energy and propagates lluuiigh the inuienal us stress wavits 
by diiccl and iiiliinale mass contacts willioul any laxlily inoveineiil of lltc material. lAripugatioii of 
iliesc waves iluough llic inateiuil is contmllcd by elastic piti])etties of ilic material-.'Iliesc idtrasottic 
waves also termed as ‘pulses' arc generated by combining mcdianicial vibration w ith soiiiul waves 
of same frequency of vibration. Pulses are emitted by a transducer are iransmiitcA) through the 
material and received by nix'tlier transducer which is Itcitcdat a distance ol 'I .* irom Utc transmitting 
transducer, llie uausit time ’I” in micto.scconds ot Uie lirsl pulse arriving at the receiver is preci.scly 
mctisurcil by electronic iiuvuis. 1 nnii these physical parameters pulse vcUxrilv can he calcuhitcd as 
follows: 

Pulse veliKily = 171 

I hlrasontc Tiuv'i'am.iiieiU on coimele .stmcliires wilii two iu;ces.sihlc sidas in wliicli u InuLsducer 
IS mounted on each side is a wc‘ll-t^ablishe<l lcehiiu|iic’. 

4.4.I.2. Kc|ulpmi!nLs needed. PI JN'DIT IPoitahle (Jllrasoiiic digital indicating tester) (or) 


'V - ineiei 




110 


STATE-OF-THE-ART REPORT ON 


Address of supplier 
I nira Image Intcnialiutml 

Tw<'Sli</w‘)i Cove, Suite lOl, New LonJon CT0(iJ20(203K42,0100 
1cl«: 643m2: Fax ; 203 442-23«y 


4.4.1J. 1'echni<|ue Sdtcnuuic diagnini of pulse vclwiiy (esung circuit on concrete is shown 
III I’ig 4 23 llie tnuisilucvrs arc plaa’d over anicrctc surface with an appmpnatc coupling agents, 
.such as oil. water, gre^tse or oilier viscous materials. These, coupling agents enable to avoid air 
between die contact sort ace ol the diaphragm of the transducers and the. surface of tJic concraic*. 
If Ur*. c«iK*a*te .surhR-c is nnjgli and uneven, it is neccss;try to siiMKith tiK*. level, by gnndmg Uie iirva 
at wliicli the transducer Is to be placed Tliere an^ ilirce aliemate iirrangemenis for placing the 
Iriui.sdiiceis in ulini.s()iiii; tesiiiig. 

(i) Direct 'fraiumissioii; I'raosJuccn. arc placed on opposite concrete surtoecii. 

til) Semi-ditccl I rxiismiuiim: Iransduccrs are placed on udjacctil coiierctc surfaces meeting at 

an angle of Wr. 

Ilii) Indirect nr Surf.tee Tn»nsmis.sinn'. Iransi1ncer.s .ire pl,Kcd on Mmc concreto surface 

.StL-|iN Involved 

(i) I'lcs.viiig Uic faces of Uie UunsduLvi.v against Uie suif:iccs of the ctmcieie, (ii) mcu.suniig 
the uansii lime, (iil) measuring die length of die shortest direct path between die ccnircs of the 
diapliragins and (iv) calculating die pul.se velocity. 


In the case of iixsEs diiougli badly cracked or deteriorated concrete, variation of the results 
sulishuiiially iiicicascs to u.s large as 2t) per cent. In such co-ves. calculated velocities will be 
suincicnily low as to Indicate clearly the presence of distress in die concrete tested'. 


( 


transducer 

iliioumMtfL 


transdoccr 

tRtcevar) 


TIME 
Dl SPLAY 
UNIT 



Fig. 4.23. Schrnnilk* IViugrnm nf Pulse Vrlinity TrUing Grcull 
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Now-a-ilays ullrd5<onic pulse ccIh) iccluiiquc ts aseil in whicii one Pie/Dclcctnc inuivluccr is 
being used and K acts as the iransmillcr and receiver^. Bui this technique is mostly applied to 
determine ilic thickness of concrete pavements where only one face is accessible. 

IvlTerf of Relnforcenienl Bars 

l.nirasomc testing of a reinforced concrete member is affected by steel bars embedded in 
coiKTCte®. It is found that ilie steel rebai appears to act together wiili the suiTouiiding concrete in 
transmitiing ultrasonic pulses. So, the cltcctivc pulse velocity (V^) measured lies somewhere 
between tlu; pulse vel<KitU5s in iIki two si^panite inedinand vanes with the diameter (d) of the bar 
amj the inil.se velocity in concrete (V^). I'Ik^ elfwtive pulse velot-ity lias been denved as follows: 

V, = S 90- H) 4 (5.90 - V^)/d fm d 10 luni 

4.4.1.4. Inlvrprctution of results 

(A) Histoxniiiis 

Variations in llic concrete williin a memlx:r cause variations in pulse vel(x:ily. So, 
measurements of pulse velocity provide a means of studying die uniformity ol the concrete. Tlic 
test results in terms of pulse velocity may be plotted as a ‘histogram’. ni.stograin gives a picture 
ol the distribution of results lliis Is shown in I ig. 4.24. A narrowdistnbuittm indicates imllormtiy 
while a broad di.Mrihulion indicates non-umform quality. A narrow distribution with some 
cscvptionally low veloaly values indicate pn>bablo sign of hoiieycoinhing 

Alimialively, iiinfornnty may he examiiKsl by ihe coefficient of varuilhni of die lestills. Fia- 
giMKi anicrele cocflicicnl of variatiini slionid fie Ic.s.h iluin 5 pci cciU. ('ocfncieiit of vurialiini txaiig 
■note iluni diis becomes a nuitlci of conceiiF 

(ft) Contours 

A crack of void lying between inuisducers prevenls direct passage of ultrasonic pulses. I lie 
pulses reaching the rcic'ividg lr,msduccr Is diffracted around die periphery of the void, thus the 
transit time is increased. The prc.scncc of voids or cracks can be detected by scanning the volume 
of concrete at various grid points. Unhogon.il grid pattern is prefcrahlc and the results arc plotted 
as contours Ihis is shown (n fig. 4.25. A rapid change ol pulse velocity over a short distance as 
evidenced by the closeiKfB of die pulse velociiy ctwiours. indicates the presence of nnd I'Ik pulse 
velocities ohtamal iti die void are subsianUally lower dum die uiean. 

(C) iK’lermlruilion of Conipruvsivc Strength from I’ulsv Velocity MeasuretrMrnls 

My using .setm-empmttil method a correlation tuis been esiabllslicil between compressive 
strength and pulse vchKily* The cocITicicnl ol comTaiion is II-9S winch indicates dun die 
correlation tsvery signiruunit 

('oiielalion analysis lues led to die following empirical equation: 


f.‘ = 4.776 c'”*V 
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Ff};. 4.25. PuKc VcKn'ilj Cotilnurs in CraikrtI ('oncrcte 


Wlwv 

V _ = puliw: vck <ity ii>c»!(iiivl III I'oncrctc 
cpfnprcjyiivc liircngili 

(I)) IvNtinuiliun oflClaNtic' MlKlulu^ fruiii PuImt Velocity McusurciiK-nts 

I hr piil.w vclocily is ri'.lalcil (o (lie pliysicAl prnpcriics of Hie ciintrclc by llu’ c(|u.'ilii)ii^. 

V^ = (K)<17|)) 

K = D const uni 
R = Modulus (>r l-.bsticily 
1) = the Jcnsity 

4.4.1.5.1atlxiratnry InvcNlinalltins: Initially, pulse vclocily iiieasiiieinenl.s weii* used lo 
riH~isiire Ilk! IliickncssiirIlieeimereJe ptiveinriil (i.sing Iwii tninsdiiccrsBy iU(Hliryin>>. Ilur inaleiial 
(iiesent in ihe itansiliicei tlic nuixiinuin tliicknc.vs ilial can l>e measured is 178 mm. Clay lor mid 
r.llinj'.son have metisured iJie lliicknes.s ol u refnictiH y ciHicielc slab of .300 mm using two 2.W Kl I/. 
p'AJ - .SA tr.uisriuccrs". 

r.lvcryand Dinivivc pcrlornied IJT'V mwisuremenl.son siiii<lyreniriircedK'ams inamvc 
at a rclaiion between pulse vehnniy and cube compressive sireiielli'’ .studies a curve 

linear relationslnp was obiamed. 

riiutig and [jiw also atleiiipted this IJPV meusurciiieiits on concrete presms of si/e 
I SOx 150x7^) nun to aiiive at a eonelalion belween (wise vekxrity and toinpres.sive suenglii'. ’lliey 
also obtained curve linear relalion.ship between tlicm fhe above results were al.so cunriniicd by 
Kaplan and Varglie.se' 
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Alexander and 'HMniinn have observed iliat (ntch cuich incasuicuictiLs ratlicr th:oi pulsc-ccho 
should be made to gain full cflictency. Both transmitter and receiver be tuned clccthoilly with 
inductors to improve signal to noise ratio (SNR) and sensitivity. 

National Council for Cement and Building Materials carried out UPV measuremeiiLs A» 
luoniioriiig xiilphate resistance ot concrete**. I rom die studies it was found that the 10 per cent 
deuca.se in pulse velocity, appruxinialely airrcspoiKl to about 20 per cent decrease in the dynamic 
modulus of ooDcretc. 


Chung and I jiw have observed that il is advisable to choose pulse path which avoid the 
inriuencc of tlic nnnforceincnl'', Tlicy derived an cxpressitw lo find the zone ol steel inllucnce as 
foUowv 

aA< 1/2 /To 
V fi-O 

3 = prepcndicularilituncermoi centre line of Meelrehar to nearesl edge of transducer 
I s vhnricM distance between Uantdiicers 
d * pulse velocity ration » V^/V^ 
s pulse velocity in concrete 
V, = cifocti vc pulse velocity in concreie-stoel medium 


If the pulse potli inevitably falls within the zone of steel influence, the niea-sured pulse 
velocity should be multiplied by a correction (actor (K) given by: 


Ks a ^ 



lYakasli Rao is perf ormed UPV measurements on remtbreed concrete blocks and tound ihal 
die pulse vuloaty values toe intiucnced by rebar present in the concrete”. I Icalso conducted these 
tests in prcsucAscd girder casted at laboratory, at compression as well as tcuxion /.one at loaded 
conditinas. In letixiun zoue, the pulse vekanty decreased as (he loud was inaeased and fell 
suddenly due to fonnaiioo and propagation of cracks. But in compression zone, the pulse velodly 
deacased slighdy widi loud and thcicaltcr remained ouaslant He ul.so concluded from (he studies 
duu die IIPV cannot be directly related lo the strenglh of concrele without prior knowledge of its 
composition. This technique is more helpful in locating defects, such as, cracks, voids liian in 
estimating precise suength levels. 

U very bus reviewed dial the specification, such as. ASIM. Bndsh Standards should state the 
type ol the tost, the limiting values of die test, method of nilcrpreiing die results'*. Because, so far 
die siandurds Jo not specify clearly the limits of coodiiion of die test, such as. nioisiure content 
and icmpcrature. 

Mallurr lias tcpoticd dial (he icpniducihility of results oblaincd on uncracked concrele 
specimen asing 1 .'PV (edinique was wilhin one per cent*''. The advantages of this technique over 
liic resonance testing art; (i) limitations regarding die size and lype of lest specimen arc negligible 
and (li) kxahzed damages la localized differences caused in comp.'ictlon can be easily determined. 
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4.4.1.6. Field AppllcaiUiias 

(A) Appllcallons to KCr Structures 

WhilctiunaIViHpcrfunttuliillrasdtiicpulsevcItx-ilylcduiiqueoM 13l>ndge\ 14(iuiuvaiid IS 
higliway pavctiiciits lu-siUi, lo Kludy (lie qu:ilily of (he cunacle^. lioui the studies it was found ttui( 
sufTiocnUy laruc nuinhcr of uicasutemcnLs weie n:(|uiied lo uoive ul conclusions without any enur. 

lotics lias rc|ioried ccmiii tniiuinuni pulse velocity foruccepuuiccof ciMKrcle in prestressed 
and reinforced concrete work-s*'. Tlic.se are given in Table 4.4. 

Table 4.4. Mkniiiium l*ulse Velocity for a Few Specific Structures 


Type of work 

Mininium value of pulse vcicieily 
for acccpuncc. km/iiec. 

(ycsircued concrete - T sections 

■isn 

Pftsircssed concrete - Anchor units 

4i5U 

Reinforced ojmaeir l-rauicd building 

A ll.S 

Suspended flixv slab 

4 724 


I A'-sIte ;tnd Oieesinan usal this pulsi^ vetixity (eciinique for periodic aack surveys of hytlro' 
ciccUic gnivily djuii.s^ In tJieii invc.stiga(UMi il was found tliat souie uucks which were as deep as 
hi iniiiiiiuillyhcciinicsliallowcr and reduced to about lOeniiiideplliaricr S ycars- 

Jones lias also applied tills technique to oieasure the (krptb of cniCnA on concrete pavemems-^, 
A crack of full depth pnxluccd a large attenuation of the wave and hardly any signal svas received 
across (he crack ;uid the dilfcrenccs in (lie osctllogntpli display n'sulling from superficial and full 
depth enrek-s could be uiuncdiulcly detected. 

Chung and I aw have prtrlonned a licid test on two reinloreerl tumcrelc deep beams’. 
MoneyriMiibiiig was .suspected at the region of lapping of reinforcing bars. A grid of inca.sunng 
points was inarkisl in tlic suspect region of each hr;aiii. Tlie results were jilotludas euntonis Tlic 
pulse velocities in raie beam were fairly consislani giving a mean value of 3.97 KM per ± 0.08 
KM/sec. Signincaiitly, ik> low readings wcic obtained. The results arc plotted as Cuniouis and 
shown in Mg. 4.26. Ihc contours do not show any particular pattern, indenting that no .siAcuble 
viads were detected in this region, whereas, in onotlicr beam where (he pulse velocities were less 
consistaiu. signlficaniiy low readings were obtained. Ihis is sliown in Mg. 4.27. From this, it is 
suspected that voids or honeycombs occur in this region I hc extent ol honeycombing was 
subsequently conlinned when the deleclive concrete w;is chipped off, 

(.ealie, Chce-snian arxl WliilcliiiiM luve cnndiuicd llicsc niea-smeniciiLsini large .slmclnrcs, in 
particular on concrete beams and found that there are eoasidcrable differences in iIh: neignitiidc's 
of Ihe pulse velocily propag.aled iliiougli very giMsl and very jhxw coiiciete.s*'^^-^, Tlicy liave 
suggesled a hnxKl di visiim basal ihi Uic pulse velivily wliidi Is given in Table 4..5. lliLs is auifmiied 
later on by Btuiiarski’'*. He arrived at the same results and related the pulse velocity to die 
Hppniximalc uniiprcssivc strcngtli. 
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Fiji. 4.27.1’ulvv Velocity C'anloun In SOFFIT uf Cruckcd Ucam 


Core .strength vs. I’uLse velocity 

(1)ung anJ Law also conducted pulse velocity measurements on concrete cotes which were 
cut ItiMn ihc .siruaural members’.'Iltcawpiessivc strrngih ot the core weredetemuned dcsmicUvcIy 
niter pulse velocity measurements. 'Ihc estimated compressive strength using empirical formulae. 
1/ ^ 4 776 c* V, from pulse velocity vttiue lies within 21) per cent of the miMtsured compressive 
stnaimh. 
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Timhscu has ificd pulse velocity sun'cy on the wall of sewage works where signs ol 
'bleeding' were evident^. I’ulse velodly survey gave a ctK’fricicm of variation of 5 7 per cent 
'llils low variation indicates gcKxl workmanship. Air enintinincni had Kxti suggested to 
overcome the problem ol 'bleeding'. An ultnisonic poise velocity .survey of a subsequent wall CLSt 
using air-entrained cxmcrcie showed a very much lowtT vanainNi in pilse vchxhty tlian tlic origned 
wall' 


(11) Applications to I’rvslressed Coiwrcte Structures 


Tlbor Javour used iliis pulse Velocity survey for checking die quality ol concrete in 
presiresscd bridge constniction*. 'llie results were compared with the result measured by hammer 
pulse apparatus. I*restfc.ssing of deck slabs w-aspcrmituu] after an ultrasonic pulse veliwily of 4 5 
Km/s was recorded and tins correspond to a strengtiiol aboi|i4ri .N/mm’ Pornunowdof fonnwork 
wliere (be slrr nglli de velopnumt for Ilie w Imle sp;ut was li i lx: checked, die liauuner pul.se ufipatalus 
was found more suited 


Table 4.5. Kelatloaship hetwf^n the Quality of tbe Concrete and the Liltrasnnic 

Putse Velocity 


Quality of 

ClXXTCtC 

Longilodiiiul 
pulse velocity 

Appttmim.Ho 

u»iipics*ivc 

strength 

Km/fice. 

NAnm^ 

Very jKXH 

Bek'w 2.0 


IVxx 

2.tP3.0 

4.0 

Fuirly good 

3.0-35 

Upto 10 

Usd 

35-t.O 

Upu»25 

Very gorxl 

4.(W5 

Ilpin4() 

Fsux-Ucni 

Ahiive 4 S 

Ahf>vc 40 


Jones and Wcllcrn fixed a pulse velocity of 4.511 Km/.sec. which conesponils to a cube 
.sUengdi of 3.5.15 N/mm' when u.sing ultrasonic testing for die acceptance of firccusi section of 
pre.stres.scd concrete beams- ’. 

l omseit has reponed that a precast, prestressed beam which showed a 11 per cent coetficicnl 
of viuiation in pul.se velocity survey failed in routine load icst^. 

4.4.I.7.1 .Imitatlom: |*uist! veltKiiy meavuremems arc aliccicd by dieccinenc type, nature 
ami grading of aggiv^gatc, moisture c<viicnl and ageing of the concrete siruaun'.s, .SiiHicienl iiuinhsT 
ol (cadiiigx are (o Iv laketi to oblaiii teleiblc rcsulls :uul Impiiayiird nilerpiclaluMi of these may lend 
to wnxig ciMiclasioiK 
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4 . 4 . l.M. Condudun; Ultrasonic pulse velocity technique il properly applied, can be quiet 
usctul in iUcntilying internal cracks, s'oids .nnd homcgaiity of Die concrete*. 
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bctonic od |cgo wytr/ymaRisci. Ilulletyn Inf. Nauk, Tech. I .‘T 11 Warx.iw. 2, 1959 

25 I'omsett, 11 N , "Ulira-amic Ihilsc Velocity Measurments iti the Assessment of Cottctvtcljuulily”. 
M.»ga/incorCofWrc|cRcse.vch”.Vol. 32. No 110. Mm.. 19K0.7 15. 

26. Avour. nixirJ., “lmpulscMct)HxlsfttrConiTollingihcC(insiruci«inSpccdof!*rcstrcxscil('oncrctc 
Ilrislgc’’, Itniniiilof AmencanConcrete Institute. Ihvic.. 64-5, May. 1967, pp. 240-241. 

27 Jones R..aiid Wctlcin. J.M.. “Testing Suwiglh oftr'vicietcliy tlwUlUiwunk; Pulse .Mclliod". Concrete 
aiul t.'iMislructioniil T.nginceting (la'iidonl", 49 11. Nov.. 1954, |>p. 343 347. 

4.4.2. fJrouinl petK-lruliiiR rudur teclitiii|uc: (irtiund pciielr.iliiiji! rudnr is u renitiie suiixiiig 
(cciintquc which hns been applied tocvaliiaie ncMi dcsinicltvely Uic ctithlitiKiisof cxTsiing conaeic 
bndcc decks This technique provide.s a rapid mciliDd oTidentiTyiiig ihin and wenkend aieiii in 
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cuncreic Mfuctures. IlJis technique also Ueiennincs the positiiwi of reinfuaini! steel lying witliiii Uie 
bcidgedcck 

Advantages claimed with this technique are: 

* Mofc area coveted 

* i'Mlcr data collection 

* idcntificK delcnoruted arcus in conetetc sUucluiev 

* Measurex slab (hieltncsx 

* Measures depth to rebar embedded in concrete 

* Voids arc also identified 

4.4.2.1. Principle. I ligli ftcquency clecixoauignetic pul.ses arc sent into the concrete by a 
(nuLxducci and the reflected puLscs on: rtx.'urded graphically. Ibe location of rebar and dcptli of void'i 
fnaii the cuncTetc surface are idcnlined. 

4.4.2.2. EtiuipmcnU ncs’dnd: Main equipment used for (iround Penetrating Radar 
invcKtigalitins tai bridges is SIR.SY.STTM • 8 

(i) GI'K OATA collecting mobile vehicle 

(a) Sirsyslcai '8': Tliissyvtcnicuinisbijfconttvilunit.lninsduccr. graphic clioit recorder ondniM^iietic 
tape rccofdcr. This cquipoicnt operates on 12 Volts IJC. 

(iiil liunsducer Consistt of nidar Iraiismiltct, receiver and antenna It is Used with (he vystem for 
tniftsmitliiig clcctrugrapliic energy with desired frequency intocxaicivlc und rtvcivc. 
and process the reflected energy for analysts. 


SIR Sy.stcm 8 

SIR System ’8’ is manulacturcd by Geophysical Survey Sy.sicm lnc„ USA 

4.4JU. Technique: High frequency clecumnagnctic pulses iue setit into tlic concrete by radar 
transducers. Ironsduccrs upcrauiig at lower frequencies will yield greater depth of pencutiUon of 
radar sigivil while lugitcr Imqui'ncierK altlKHigh not able In pcnclinic deeply, givc.<i gretiicx nsnlnlkxi' 
It has been reported thal a bnci pulse ol 0.8 ntintr seconds long is directed inlo bndge deck If the 
aicrgy i.s eiicomilcfed by an ititcifiKe. a portion of energy is leflcctal back to iriULsduccr, procciuaul 
in eonirol iiiiil pl:iml in ilaia colicclion van. amplined and lime iliffcicniial l)eiwcen initial 
liaiismls.sion and leikctcd waves istloiamiiiedl'aking into considerations of liiclcctric diaractcrisUcs 
of iIk; ciNicTCle, time ilirrctcniiul is c'in) verted inio dc|tlh. Tltc cleciroinagnctie pulse is rcpc:itcd at 
rate of .‘SO kl 1/ (.^0 x 10’ cycics/scc). The transducer is moved along the concrete surface whicli 
eiiahics u aulomaitc graphic recording identifying die locations of void.s and rebars. Ground 
penetrating radar technique yields data along .scries of longitudinal lines over the bridge deck. 
Number of scans and di.siancc Irciwcen them depends on degree of coverage dcsia'd. 

4.4.2.4. Mf'hl appllrallons 

(A) Applicaliun to Reinforcvil CorKi^te Structures 

It liu-s been reported dial dcicnuraicd areas of pavement ol bndge deck sliowcd dislineltvc 
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Strip chart and was diamcieitced by scattering ot energy'. Pivscnce of numcriAis rctlections obtained 
on recorded graph confirmed the deteriorated portion of the badge deck. This technique was 
evaluated on overlaid bridge decks by Slate ol Virginia and was found lo be ef fective in hvaling 
concrete delanuroiiions on ovitrlaid iiovenid decks* 

(K) Appllcatinn to Prestreased Concrete Slructures 

No lileraluic iiiroriiuilioii could Iki collected with regard to use of llii.\ iccliiiuitic in 
pn’.sta*sscd contTcie stnictun'-s. 

4.42.5.1 .imlUtlonM: Tlie application of dim teclinique requires elaborate site amuigcmeiits 
It can't indicate citlier cunosiou or rale ofcoirosion of stexd In auictele. Aldiough, ladat teclinique 
olfets good tiidialion and picci.sion, die enormous volume of data produced makes iiiieipietalioii 
diincuil'. 

4.4.2.6. Conclusion: IhLs technique ideniilie.s die deteriorated portions pcrseni in die concrete 
Structures ;uid also detenuines the position of rcbiu embedded in bridge decks. However, radxu 
technique cannot be used fora.sscs.sing the corrosion of reinforcements or tendons. 

t. Kun/, Jtfncs'l.anJf^cx. Jerry W.. ‘'Kfmnre.Scming'lechniqucs AppIicdtuKriilgeDeckltvaluilinn'’, 

SI' No. KK, American foncrcic Inuiluic, lUXS. pp, 2f7-2SX. 

2. tlrmshy.lX WC . ••f<'l»Aimui»ll»r.¥i«=ssRcpi.ii".,Scpi IW-i 
V Hrai, KciiiifiliC, "R'l* Aiinu.il Rc|ii>rl",Sepi inX|. 

4.4J. liifniri-d tliinnoKruphy technique: IXdainiictliraisan'iLsiially cxamuKxibypcrionninn 
VMiikling tccluiiqucs, like, dragging cluiiti, Itanuners, iron rtxLs, etc. HeUiminiilal :iru:is prrxlucc dull 
sound when struck compared to go«xl concicte and is errociivc rally on ex|x)scd craicn*.te decks 
LVIaininauons occur wlicn layers of concrete .separates from bridge decks iieui die reiiihNcaiienis 
It has brxn reported dial the main cause of fomvaiion of dclaniinations leading to potlK»lc.s wen; dm: 
to coiTO-sion of reinforcing steel due to ingress of chloride ions cxpo.scd in Murine liiiviioiuneiils*. 
Infnucd ihcrmogniphy technique can be used to tdeniify dclaminatioii on expo.scd coiiLicie decks 
and decks ovexlaid with asptialL 1 hts technique idenufics dclominaiions in bridge deck by observing 
temperaluie dirrereiili:il Ixlwrvn delaminated and sound concrete under .specific envirotunenud 
umdilioib. 

Advuntuqcs clairned with this technique are: 

* I'aKicrdataoollcciioii 

* Miiix Mccuiute results Uiuiicoiiveiilii.nuJ KHinJing prvvcduro 

• lx»>Mipcnitii<ii 

• IVirtable tuiJ pruvidch u pcrmuiKnl rcwwd 

44J. 1. Principle; Measures mlnircd radiauuns and ts used to determine surface tcmpcratuic 
dirrinetilials of ciHiiTcle structures dunng tieating or cooling. Presence of iliin air film at interface 
liclwccii boUuui of dcliimiiiaicd area and lop portion »>! deck surfiicc acts as insulator causing 
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ilclaiiiinatiou lo i4l)sc>rt) aiul reflect more nkltaul ciicrjty Uuin sound poitioo of bridge deck as shown 
in l-'ig. 428.1 icncc. a temperature differential between delaminated and sound portion of the bridge 
deck is obtained. 



^(uoAnoN 


OeiAWUTCD *llfA 


tig. 4.2K. IVinclptc of Dctaminaltoo Detection 


4.4.3.x I'kiiilpments nt'cdrd: Intnired IX'lla Colloctiun Van conMStiilg of 

InfrinMl data recorder and 

Infrared Camera 

AgaironiL' llicrmovision 7.50 .System with a 7-' lens 

Inrrar«;d Camera 

lufrurcd Camera b mounted on a frainework and raised to approx. 5.1 m above die pavement 
of bridge Deck. 

Iiilforcd camera b ased for detecting emitted thermal radiatioas. it pttxJuccs video sigreil and 
rccoi its tliermal imagery on video tape capable of measuring temperature dinerences as low as O.M- 
(0..5 <."1. Camera uses mercury cadmrum telluridc detector. A dS" expander lens is provided for 
viewing lull paventent width of the bridge structure at one tune. 

4A3J. I'cchnlque: Infraredaimcraisused foridentilyingtemperature(bircrentiafsuirTc.spondtng 
to delaminated and sound portions of hndge deck. Internal Icaturcs, such as. voids or dcliumnations 
will influence the rale ol iKtUing and cixiling and nviy he idenlilied imm lire study of lempcnilun: 
contours. ITx! concrete surlace temperature changes thmugfioui day due to sunliglii and awlmg :U 
iiiglil. niack aiKl while video pnxiuced by itifnued camera Ls displayed for identifying delaminated 
lurrns AiialysiK of data ts d(»ie hy uidng video Ui|X3< iccotdcd. Delumiiialed areas sIkiw while areas 
on black and while video. Non-delaminaicd arcxs show dark areas. Isotherms are drawn. White 
ikiisconesponding lo points of eijual lempcniiurearesupcr imposed on infrared Image aiKl identifies 
ilic dcluminaicd areas in concrete structures. 

4.4.3.4. Meld uppilealiom 

l/V) Applicutlun lu Reinforced Corwrete StriKtures 

Infrared thermographic inspc'ction was employed on lop side of 11 mile. 8 lane Dan Ryun 
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l'.x[itv)<swuY Bridge I^'k in (liicug^> in I0H2for evuluuling lie pfwence andcxicnl uf dchBiiinitlion, 
Clucking and crni-m:.sccocc^. Temperamre ranged Imm ftO"!- ( 15.61') to8<)*1' (26‘1'). Pavement 
icmpcraiurc differential of l.X'1- d'l’) u)2,7’l (1.3"C) was conststcnily obtained dunng daia 

COlICCtHWI 

Infrared dtiia obwined was c<»nvcncd to hard copy photograph or stop clvuts Si/c, shape 
and location of delaminated :iieas was idenlUied. ('lunputci Aided IXisign and IXufling System 
(C Al )! >) was used for recording the Uebuivinaied itilas It has also been rejuMted lliat resiili.s o( 
du^nognipliic inspection and visu.il mspiaiion were connimed by pavemait toniig 4ti |vivemetu 
cores were taken to confinn infrare data Core obtained in iraiii area ideiitined as ileliinihiation 
bv mfntted leclinique conruineil die presence of dclainiiuilioas wlicn visually examined. 

A van niounicd infrared Uicrmography system was employed m detecting variation ol 
dcliuiiinuiioii III six Bridge IXtcLs-*. Infruied and colour video cameras were used (or viewing die 
full |iavemeiii widdi. Delamiiialed and non-delauiinated aieas idi*nliricd by 'llicnuognipliy had good 
correlation ^idi the core sample lakcn from the respective areas. 

Oiilaiio Ministry ol rraiEsportaliun and Virginia Highway and Transportaiiun Kcscaicli 
f'ouncil have rreommended tlic infrared llicrmography icchnlque as o promising mcihivl ol 
delecting dciaminaiton.s on liate coiicrcic bridge dccks\ I lowcvcr, this technique was iuh hHind 
lobe a promising method in detecting dclammations over Asphalt overlaid bridge decks 

(Hi Application to lYestrcssed Concrete Structures 

No literature miormation could be collected vsiib regard to use ol this iccliinquc in 
Prestrc.sscd Concrcic .Siruciures. 

4.4..kS. I JminatlnnK' Ibis technique when employed ai ground level rdeigifu's tlic dehnninaied 
areas wiHi great aecurac’y I lowever, its accuracy reduces wlicn the equipment is iniHinied on an 
AulKiriie plullonii I tic operation ol this Icduitqiie is n^MncIcd (o certain liours of iLsy or night 
Wealiier condilious must also he fas’ourabic. .Studiesiiiadc by Slate of Wlscoiisiii sliowed lltal tins 
icdiniquc cannot mcAsurc Die tliickness of dcluminations^. 

4.4.3.6. Conclus'iun: This technique ideiitifies only the delaminated arcAs on rcinlorccd 
concrete decks. Its application with regard to pre.slres.sed concrete .strudures Is not establlslicd. 

kHlJU-NCT-N 

I. Stcwzusl, Call !■., "Bridge Dedu" - Msmicnsncc and Repair, Journal of ACI, December I97S. |ifi AKS- 
AM. 

2 (iuirtcfrir "Repair of Omcrcic Bridge Super SuiKiurcx" Repon No ACI MA IR "JUi. Coiicirle 
Intciiiirtiuiiiil, Sept. 1980. 

1 Kuiiz.JjmaiT. and Eidoi, Jerry Wh "Remote Scni>aigTo(;hiik|Uct.Applicxi to Bridge Deck nvaiwiuon’' 
AmcncanCuncicic Imiiitulc. Si'88, Oct I‘J85, pp. 237-238. 

4. Ormxby. W.C., "IHTP Annual Rcpiiri", Sept 19M. 

3, near. KciineihC. "KT’Anmul Repon".Sept 1981 
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4.4.4.1 Inlnf^phy. rXtwkipmaK tiC inlaiu'ii tuiuus.rdduu^ uiid (IlMccUoi uf sudi Tuk; vnKks 
111 ciHiCTCte is (lirncull. I ltili>gt;i|ihy Is a .%milivc. non-dcstnictive tccfaiiiquc U> (klecl sucli iiiicrO' 
crackle. Ry Uiis icclmiquc, a:ick.s witii accuracy uf llic older of 0.1 microas can be delcclcd'. 

4.4.4.t. Prinrlpli! Ilolognipby Lsaiiicllioilofreconling|>tuea; siul'toiipliulugiapiuc eiuubuuii. 
using the pnnciple of opiic.il interference >-*. iJglil from a.single source culled ‘LTLser .Source’ 
0 leliuin-Neon laser) split mlo two beams, one illuininaling the obicci. the other culled 'reference 
licain’ is directed on to a bigit lesolulion photographic plate. Light .scattered by the object culled 
‘Signal beam’ is also lecoidod on tiie same plate. Htc constant phase relation between the rays in 
tlie referciK'e beam and tliose in tiK signal beam pixxJuccs a complex paitem of interference fringes 
on the photographic plulc. ibis plate i.s called ‘hologram'. Ihc pLite lias to he highly sensitive and 
able to resolve more than 2(X)() lines/mm at u wave length of 632.8 mm to record the pha.se 
modulations accurately. Ltxvking tltrough the hologram it can be possible to sec the original object 
superimposed on the holographic image. If the object is distorted or displaced by fractions of a 
micrometer, the imiplitudcsand phitses of its rvllectcd niys change, and intertorv: wiili die rays 
produa'd by the hologram. Now the image through ttic iKilogniin is seen to be cTossal by a scries 
ol black inierlerence fniigcs, wtiicli are relaled to the disUiilioii of die object. 

Ihc same principle applies to the detection of tracks on a concrete surface Sinail loads will 
cause the cracks to open, and nncTfcrcnce between iKilograms tx'fon; and alter loading will .show 
a fringe pattern wiUi disccHitmuitics corrc.spcaiding to dw disphicetnciu discinitinuities duit occur 
at crack posnions, Typiuil fringe patterns are sJiown in lig. 4.29. 

4.44.2 Trchnlqiie; .Surrpliltcd optical layoul of iKilogniplue imcrfenuneiry sclnp is sliown 
in l-ig. 4.30. Ibcrc arc ihrcc methods lor observing Inngcs on holographic plate. 

. ''' I 

(I) Kval-limv HoiogrHphic liiterfcroiiietry 

In tliis technique, a concrete structure is gradually detormed with increasing load and us 
holographic image on die hologram is sunuUancoiisly viewed 1 hts leclDiique ullovs's lo .study die 
gradual change in crack and dcfumiaiion 

(li) Doulile Kxpusure llniogruphic Interferometry 

III this technique, fnngc patiem is obtained on the liolograni at (he miiial and then at (he 
subsequent loading stage. Thus, two holograms an? made on the same plate VVlRai this plate is 
developed and illuminated with the rclercncc llgltl. it contains a fniige pattern corresponding lo 
the displacement between llic two Uviding sCiges. flius, dit.siLYlunque allows peniuuieiil rmniling 
of each loading elfeci 

(iii) Speckle liiterferometry 

In dlls iccimiquo. die object surtacc i.s Illuminated with a laser light and a photographic 
camera is uscHl to locus Uie imago of live otqcct on lo a photographic plate flic illuminated object 
siirlacc seems to contain numerous imy black dots called Npecklcs' fhesc dots are cuuHcd by 
dinraclionol ilKMiianiHiinmuilic laser liplil fnmi die itieguluiilieson die object .surf ace. When (lie 
objivi IS dsUoniieil sbghity. tlvese .sjH'cklestnovccoiresponding lodisplacemciiLs on dvc object 
silt f.icc UK though they were mipi inicd cm die surface iLscIf. llic mode of crack opening is studied 
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b) SuUlhBlc 



c) CortJcnBi*®* 


4^*1. I'VioK*' 



126 


STATE-OF-THE-ART REPORT ON 


by pusMng llic laser UuiMigh poinU on eadi side uf die crack and quuDlifying die difference in 
displaccincnbi. Displacemenis measured are of (he order of 25 ndcrons with an accuracy of 0.1 
inknaL 

4.443. InsiruimnLs netded. ht)k)graphic examiuadon following in.strmncnLs are needed: 

Nickelsun Interferometer, ilolontatic 60(X1 ilnstont holographic camera system with 
micropnKessor control) and other optical instruments a-s showm in I'lg. 4,30. 

4.4.4.4.1 Jihnratnry invisdigalinnH Maji and SItali liave perfonned tiologniptiic sluditcs on 
cement mortar specimen of size 9.4 x I .S x 2.5 cm to know die effect of incimtions IhiwI cracks, 
matrix chkIcs, di.'igotial cracks, etc. wliile the Kpuciineti was knided axially'. Hiey used tliis leclmiquc 
to understand the fracture mechanics of cement morutr. Front the studies they concluded that the 
cnick initialed at the aggregate matrix N>nd leading to non-linearity in the loail-ilefoniiiition 
rel.tlionsliip Tliey also concluded dun bond cnK'ks scviiied to initiate at sites where shc:ir stresses 
are expecletl irxKCur, whereas, matrix cracks originate fnan top and hoUian of die aggregate and 
proptigale in die direction of applied kuid Diagiaiul cracks are probably aresull of cnd-constiaiiU 
and dicy join the vertical cracks when nearing the ultimate loud. 

Another important conclusion is that the aggregate dimension and void dimension have 
differing effects on die overall response of the coucrelc. 

Luxmuorc lias carried out holographic technique on 13 cm size cubes and cylinders to 



Fig. 4.30. Hologrnphlc thcaminatirm tif R.C.C. Beam for Crack Detection 
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understand die basic failure mcdianisins in anKTe4e‘ Specimen woe subjected lu aunprcj^iHi lest 
and splitting tensile lest to study cnick iiiiiuitiiHi, location and its kiiglli. I'rom Utc studies lie fouml 
that (lie first fine tTiK;k was detected at aninnd one quartet to tme Uitrd of the ultimate loud. As 
llie liKitl iiKTetises Ihe crack branched out to die right and left, and other cracks sinned and joined 
tile initial entek systaii. At utouiid duec quarters of the ulliiiiate load, a vertical crack propaguled 
fniiii ilte luse and coiuiccicd widi the cracks (iropuguiing vertically downwards from the lop just 
ptioi to dieuliiiiiale load. Failure occurredcaiuslixiplucally along the vertical diameter, widi some 
spalling along the edges, but in all cases, die Inter conncv lion of die crack system ixcuiTcd just prior 
to failure. These results were compared with X^ray radiography, eddy current testing, peneuaUng 
dyes and found to be just as reliable. 

4.4.4 Field applications. It appcrus that this holvigraphic technique has not been applied 
so far as in-situ method to delect the microcracks present in the structures. 

4.4.4.ft. I.itnilr]tlon.s. AppliculriMisoi hologia]tliy technique in fieldwork is limiled because 
of its scasiti vily to suurll cxuuiicttus vibralrons and dis(>lucemenLs. It is a very slow photogiupliic 
process, fhis lecluiique is iderd for testing the cenbal and flat surface of die structure and is not 
suitable for comers, joints and curved portions. 

4.4.4.7. Coialusion. lliis technique is still in on experimental stage and not applied on large 
scale smictuivs. 


1 Muji, A.K. ttiid Shull, S.i*., ‘‘Applieutioit of Accuuslic lirtiisiuun und Luscr lluluKniphy to Study 
MiciofTUcturcuiCouca'tc.Nim-dcstniciivcTciiliiig", Fdi. il.S. Lew. Sp. 112. Publislicd by Aiucncati 
f'oncivic Insliiuic. Dctnul, IVSH. pp, 83-1(10. 

1 Gabor, !>., “A New MicrriKcopii: Cnncipte. Nature 16 I (41818)", 15 May, PAMi, pp. 777-778 

1. t labor, U., "Micniscopy by Keennunicted Waw ^'|WIW’'. htc Roy. Sfc.SrriiK A l‘)7 (Kfl 1 1 .7 .luly. 
mu.pp 475-4X7 

4 I usntni lie. A.. "Holographic IVicctkin of Cracks in Concrere. Non Jcalruclive Testing", Oct., 1*173. 
inr 258-263. 

4.4.5. IVtrography 

4.4.5.1. introduetkm; Fhysical condidon or homogeneity of concrete isixtcuf die important 
pitnuncter inllucncing the duntbllity of concrete structures. Petrography is die examiiiaiion of thin 
scciiint of hardcticd concTCtc core under a suitable microscope. 

Petrography con be u.sed to c.taminc the hardened concrete for the following pur poses* . 

ii) To find the amount. diilnbuUon, type and oxidiiiiin o| ceincoi paste 

rii) fo kicttliry iIk pusnble dcsuuctiisi vif the ivoiocuvc passivuoon /one urvrjnd steel luiiuorccnicnts 

which results from ibe carbcMiuiion of cenicnl paste 
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(iii) ‘iVi ileiermine ihc quantity and disliilHiliwi of uir voids, wliclbcr particular c(>ncrcie is air 
cntiairMd nr nM 

(hr) Tn examine ih« diarribuiion, types and antount of coar&c and fine 

(v) To dAluce Ibc causes of dcteriotalion and future serviceability of (he concrete 

4.4.5.2. Principle: ITic sample of thin sccuon either cement paste, monar or concrete i.s 
cxatiiiiK^ under the microscope at a wide range of magnincation. A camera equipped with such 
iniaoscope to lake pla >tograplis ai»l plKUtaniiTograplts of features of interest on lest sample is used. 
Then lJie.se phoiograplis are analysed for each phase to arrive al suitable conclusion. 

4.4.53. TecfanlqiM: 

(I) Mlnocular Stereo Microscopes 

This type of miaoscope is employed mainly on aggregate.s and sliced concrete cores at 
inagniriailioiis up to about x I (X). 

(ii) Poiari/InK Microscopes 

11iesc arc u.scd to simly ihin sections of ahotil V) mitTuns by inmsmtUcd light method at 
inagiiincalionH typically between x20 and x500. Sucli Ihin concrete sections .are prepared by 
grinding .samples on laps iLSing progressively fiucr abrasive. 

(ill) Mvtallugrupbic Mkruscupvs 

these are employed for (he ideniificaiion of cement type in concrete matrix by incident light 
mcliiod at magnlficuiions upto xlOOO. 

4.4.5.4. Instruments needed: For pcurogrupbic examination, following in.suumenu< me 
needed*. Stereo nuctuscope. polaruing niicixtscope, metallogrjphc imcroscopc, miciuscopic slides, 
eyepiece micrometer, microscope lumps, free abrasive machine. Iiot plate or oven. Diamond saw, 
abrasives, tens paper, rclractonieterand immersion media, covit glasses. IXilltcs (specimen holder), 
stage micTomcier, cuttuig lubncanl lor diamond saw. 

4.4.5.5. InUTprvtiitiiinnf phiitomkrographs 

(A) Alkali-atsp-rgate Reaction 

Photomicrographs arc extunined for voids cracks and presence of ‘Rini.s’ im aggregate 
particles Rims indiaitc clicTnical reactions beiwcat ihc cctticiii and tlic aggregate. Rims produced 
in (lie coiicieic on policies of sand luul gravel arc alisctil (M relatively thin and faint at locatioas 
wlicie die paiikiuis in u vitact with an air void Riimjicd uuslicd stone in amcretc usually indicates 
alteration in Ihc concicic due lu uikuli-silica reaction ta uikuli-corbonaic reaction i*aie rims in 
nunlai Ixadcring course aggregate and |iule ureas in Ihc mortar may be gel-soaked paste or highly 
caibonam pasie 

In normal good quality concrete, the petromicrographs show, amorphous cement gel 



CORROSION AND CORROSION PROTECTION OF PRESTRESSED 
CONCRETE BRIDGES IN MARINE ENVIRONMENT 


129 


sitntuiitdal by aggregate with ealoum hydroxide cry stals quite evenly distributed hut with sliglil 
coiiecnuatiotis muler tlie c«»arsc aggregates and fine aggregates, tjiiartz. calcium hydroxide iind 
ealcitc, lltese lluce iiiatenals iKTur ttigeUicr. ilie quart/ particles look like sand grains or riKk 
fragmenis. while calcium hydroxide eitlier as lalileLs umgeiiiial to aggregate or as puiklilic 
ciyslals in liie paste enclosing residual ceuiciil or ureas ol gel ('’aicile are approxiitiaicly rliomhic 
in stupe. 

(lt)'lyp«-‘oi Gemenl 

t ype's ol cement arc dilTcrcnUatcd on the basis of mineral phases present in liic imliydr.iied 
clinker particles In OK' the major phases ore C'yS, CjS. C.,A1' and t‘,A. In sulphate resisting 
ix'iiKmi. Ilicre ts more C, AP in Ik’u ol C^A. which is only present m small quantities. Stmikir siudlcs 
can tdenuly die other types ol cctnent such as. super-sulphaied a'menu ponland blast lumacc slag 
cement. Inch alumina cement, etc 


(C) lieterioration 
(a) l,euchlng 


When ecineiit clinker piirticlex hydiale. free lime is libeialed to I'otrii culeiuui hydroxide 
|('u«)Il),| wlitchcrystalistisa.sa mmcrjl ixirtluiiditc. y\s lime is slightly .soluble in water forming 
cutlMiiuc acid willi CO, present in the uliiiosphere, concrete Ls captibie of being leached by tliis 
carbonic acid molecule. Hus leachmg action con be seen in die pitotoinicrograplis given in I Ig. 
4.31(a) us a /one bordenng die IcMChcd area lUid here* coarse tabular crystals ul poilluiidiic 
|('a(OII),] are found and these arc soJisiinclIve in nature 

(b) Sulphate AlUelc 

.Sulpliute present in the water react with (,\A plucse of die cement clinker, prixluce culciuin 
sulphoaluminale wtiicli Crysialise.s as the iiiincrul known as tillriiigilc. Iliis loriiis nne aciciilai 
crysUtls in llie cement paste as sliown iii Fig. 4 31(b). In coiKrictc ctlringite appears to lie in active 
state latd in vime others it i.s in pas.sivc state. In its pus.sivc rule it is found in filling air voids mid 
III active state it is oficni found along widi cracks. 

(e) 1 'arbonalion 

WlKm curtxHi-dioxide in die air reacts widi die tree Imie presctit in itic cement paste, calcium 
c'ortionalc cry.stals arc looncd. I liidcr dw microscope. Uw high ordei mterlea’iicc colours pnuluced 
by da* calciie crystals considerably highlights die curbonute'd /.<n>c I ypicai pcuornicrogruph is 
sliown in l lg. 4.31 (c). I lie item lii die cement paste in die carbonated /one is also higlily oxidised 
Comparative studic*s have shown a close cxjirvlaiion between the plienolptiihulem staining test utul 
miaoscopical anaJy.sis in determining the extent of carbonalion. 

(d) Alr-vnld l.ontenl 

Air-voids present in Uw ciuictclc can be detected by petreigraphic examinadon*. Air-voids 
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a) UhcrackecJ 



!•) CrockKd 


Fig. 4.31. 'i'ypkal I'hninmicroKraphs 
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an: alnuisl invariulily lar^tcr duui 2 lun in diauieici cxixcswd as liic volumeuf air vmds 

In conovlc to llic volume present of iJte iuirdcncJ ctaKiete. Tliis ratio uui lx; deleniituetl hy eiUier 
linear traverse method or poinlcrxint method. IVaetically. air void dctemiination txriiij! applied most 
trequcnlly in determining wlicllier a particular concrete is or not air entrained 

4.4.5.A. Held applications 


(A) Appiluilioas to UeinTtireed ConereU Struclures 


l^nver and i Luiunctscly Ituvc done |x:trog.mpliical exauunalkxi (xi a dam in soutlicm Scotlaixl'. 
I'lom tile pctiograpliical aoaly.sis it was found lliut the dam ha.s suffered microcracking as a result 
of aggregate .shrinkage. I'lie course aggregute being grcywucke had shrunk causing u diagnostic 
peripheral micro-cracking in the cement paste surrounding the aggregate particles. 

A concrete sample taken from a ten-year old 15() min thick suspended floor slab which had 
contracted Inwards was subjected to microscopical analysis. 1 rom the analysis, it was revealed 
that considerable .shapeless crysuillinc masses of (.’a«3li)j were present in the cement paste 
throughout the concrete slab. I'his is due to the addition of high walcr-ccineni ratio causing high 
drying slirinktigc. 

.S:unpii‘..s iakeii Iumii llie ground slab wltidi was icmoved fnxn Uic dcmolislicd iHiilding were 
subjccled to pctnigrjphical aiuilysis. Thr Iulsc of iJie concrete slab wa.s very soft and cxteiiMvc 
iunouiii of ccineni paste had been retiuived Ptoiii llic niiausctrpical axwlysis*, h was found iluii 
(he aggre.s.sive leaching of (lie lime was con.sidcted to be llic main cause of llie deleiioiulion and 
this view was further supported by the fact tliai the w aier at the base of Ux* concTcte vviis very alkaline, 
having a pi I in cxcc.ss of 9, 


(III Applkatluas to IVestressed Concrete .Striulures 


This pcliogrupliic cxuimuatioii h;i.s Imx'ii cunied out on die samples taken ftom die O'Hare 
Airport I .ends Bridge, DcKplaiiics’'' fliis hriitge eoiisLsis of I sha|x:d preuist |x etc iisr rued girders 
and cu.st-in-|dace conaeic deck slab. Beuegraphic analy.sis sliowcd dial concrete in prc.siresscd 
ginlcrs arc generally of grvxl iiuallty. I>cpih of co/brniation of cement paste was in die riuige of 1.5 
to 6.4 nun and in some placc.s it was 12.7 inm. Secondary depasiLs in aggregate voids and srvkcts. 
iiidicutivc of rKis.siblc adverse rcaciiores were not detected. Aid-void content appeared U' be low 
varying from 3 to4.5 percent. 

4.4.5.7. Llmitatlore;' IVlnrgniphy isa dc-stniclive type of lest. .Sr>. large scale c.saminalioii 
ol llw slnictiireniay not hr; feasible IVlnrininogiaiilrs need experienced pctrognplier to interpret 
die resnlLs Spiteutl surfau: preTianilioiis ate iieces-sary which arc lime consuming. 


* Mien twofir aihl chemical tests on tumps of spaitoci concreic and grout wciccamcd out for the first rbuic 
Crock Bridge. 
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4.4.S.8. Condusktn; Peii\){^apliy Ls nut a cumisiou luouiloriu}; Utul. At bcxt it can he usctl 
to examine the quality of the concrete core. 
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4.5. Monitoring the Structural Roponsc 

4.5.1. VihraUon aiuily.six 

4.5.1.1. Introduction Mnnilonng of dynamic pnipcnicti oi Kmicittrcs pcniidicHlIy will 
indicutc the degree uf dcierioralioii uiul stnictuml integrity. Vibration analysis is used to mca.turc 
the dynaiiue pnipcrticM of (he .stiucturcjt. This is a nun-de.'itructive testing technique in the field of 
testing bridges in-.sito. 

4J.1.2. Principle: All structures vibrate In accordance with the type of structure and have 
several natural frcquencie.*, specific damping and dynamic factor Isignlflcani changes in thc.se 
paranietent Indicate a modiricatluii in the mechanical and physical cuuditionx uf Uic structurct> cauKCd 
by degraUaliuii due lu time-dependent material pruperties, environmental aggressive elements or 
idleraiions in the structure or its supports. Hence, the vibration lest can help to assess the lime- 
dependent behaviour of the bridge structures. 

4.5.13. Tcchniqae' Natural Ircqiiency is the frequency which is the characteristic of the hrxly 
Mudilicatiuu of the natural frcqueitcy uf a bridge sliuciutc can be caused by: cracking ui Ific concrete, 
change uf tcni{)cralure. change uf the cundiUun of the sup}X}rts, change of prcslrcssing; creep and 
shrinkage. The damping factor is used to explain (he dissipation of energy in a vibration stracturc 
and this cau be used to studv the internal microcracks by measuring the change in acoustic emission 
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or pulses. The dyiuunic factor is (be quotient between the dynantic increase of amplitude and 
amplitude under corresponding static load lliis wiU not piovidc a suitable index to assess die tune 
dependent bcliaviour. but its determination will provide control over the assumed unpact lactor 
in the design, 

lly u.sing Uic suitabk: cxcilatuHi procedure ul llie biidgc site, the dynamic |xc)|)ei(ies, such 
as. displacement, acceleration of vibrations, modes of vibralion, coherence, pitasc dlfl'crcncc arc 
nie:isured witli ilte aid of .suiuthle instnmiciiLs. Fig. 4 J2 shows the arrangement for muasuremeni 
of vibration response on bridge deck. 

4.5.1.4. Kc|uipinenls nveded: (Tuitilcver dcneclioii gauge. Accelerometer, Oscillograph, 

1 tscilloscope, Aiialogue-digiuil Uace uiiulyser, Tran.sfer function analyser, Oigitnl profilomctcr. 
rniffic deieclors, Vilnation gcocralor, Dynamic wheel load recorder. 

4.5.1.5. Intv.rprelallnn of lest results 

AnulysLs of frequency spcclruin 

The frequency spectrum generated in tlw lew secomLs iinincdialely al ter Uie applicatum of 
the impulse indicates ilw physical cliararlcn.sucs of iIh; hndges. In ihc long icim repcatevl 
i^hservations, c:imcd out in .similar environmenlal cmuiiiiiins. it luis hence to he ensured tiiat llic 
gcoincinc and ma.ss parameters of Uk; hndgean: iinchangiul, tlte system nsdllates freely in its nauirol 
modes and die exciting source and its Imsilum are die suiac. (Tuingcs in any of these puraincters, 
if detected, should he kept in considmalion while analysing die ficqiiciicy response. A peak must 
appear at die same frequency in die speclra in all mca.siucd locatioas. 

(a) Cracks 

Cracking in die bndge structufr decreases the. nHHiumi of inertia himI coiLSuquaiiiy die iialural 
frequency is decreased. Cracking prixtiiccs an inciea.se in dsiuipiug*. 

(b) Change in prrstressing force 

Any change in presires.sing fom: can cliange ihe El .stiffnc.ss of llic sinicturc and 
consequently the natural frequency can be clianged. 

(c) Continuity in mulli-s|Min hridgc.s 

When die cominmiy m nmliispan bridge exists then Ihe measurements made 111 any span 
.shmv die nalur.il frctjurniTy relalive lo llii.s .span and Ihc frequencies relative to die neighbouring 
■spiuis. I lie |iliase angle difference is close to 0“ or 18fy. with high coherence II dw commuily is 
disturbed by cracks or change Of presut ssing. Ilicn the periurhaliiMi in frequency spccUuin Is pre.sent 
The plia.se angle is unstable with low coliervncc 

4.5. t.rt. I'icld a|>plkations 

Applications in iiM)iii(t>ring prciiti-esscd coiK'rete slruclurtis* 

This vibralion analysis has been earned out in imc of die (xiM-tciLsioned bridges in India. 


• Viljinliwi studies w*rc c.tmed out for Hacrcin Ciw:k [indge by I.I.T., Bonilsiy, with sunilar in*iic;ilton$ 





Fig. 4 J2. Mcaiuremcnt of Vibration Response on Bridge Deck 
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Rollowing were ilje observations in this brid;tc. Since the uaffic conditions aic quite varying, strict 
cotnpunsim uTacceleration levels could not be made. It was also found difficult ui assess the loss 
of .strength from the data obtained There was also a problem regaiding the naiuial frequency of 
ilie siruciurc. From Uie vibration aieOysis it was observed that the structural stif lhess was not very 
much affected Tlic results of respcinsc levels measured didn't indicate any correlation to the loss 
of prestiess due to corrosion. TIk; sahratiim levels measured didn’t reveal any abnormal features in 

lllC IC.S|MIUSC 

4.5.1.7. Llnillalluns. Due to the presence of complex p.'iraiueiets in tliis test, the vibration 
tuuilysis con (xily help to corroborate die findings from oilier teduiiqucs usually eiii|M(iye«l to inoiiiior 
tlK‘ pcrt onnance Change in temperature, bridge bcuring and thicknes-s of the bituminous road suifacc 
can alfeet the measurement of dynamic prrvpcrtics. ’Ibis method measures the loss of stiffness and 
not the I 0 .SS of .strength. A measiirahle Ioas of stiffness generally tmplie.s a loss of sircngtii, for 
couci ete hrulgcs. Hut .siNncliiiics senous loss of sireiiglh eun occur wilhiMil pnxlucing a measurable 
loss of stiffness. Since die vehicular loading on any bridge is influenced by .speed, interval, deck 
surface conditions etc., it is extremely difllcuit to arrive at the actual vehicle frequency ami lienee 
the response of the structure. Ihus it is very difficult to airivc at the exact fundamcnul fiequeney 
of die bridge structure, 

4.5.1.8. Conclusion- Vibration analy.siscan dmrw some useful infonnadonon the sUilness 
of the bndge stnidurc provided it is possible to accurately moniior the frequency response and also 
to estimate riiiKkiinc.nlal frequency of the bridge structure. 

REI-’HUiNaS 

1. Zakic. B.D.. “RllJlKl General Rocomnicndaliont for Vibration Test in Ixmgtcnn Observation of 

CaKTClc Bridge Struclum", 

4.5.2. Strain analysis 

4.5.2. ]. Principle i xjng lenn ohserv-slioos of bndgiis arc tarried out by cumpanug dynaimc 
etuiraclenslics of the structure widi .sialic analysis. Ilie inipixtance «)f any dilTcrenccs with regard 
10 the salcty and serviceability of the bridge is to he assessed. Tile tlcieiminaiion of dynamic 
clianiidmsiic i.s done by incasunilg strains during die pa.s.sage of vclticles txt tlie bridge. Tsv large 
.span hnilges over 50 m strains arc lueasiucd at llic centre as well as al die l/4tli and 3/4lh of the 
s|ian. Bodi surface and iirtcrnol stnilns ore measured. 

4.5.2.2.1'kiulpments needed 

DefoniKHiiclet, 

Built-in-vibrating wite-sliuin-gauges. 

Address of suppliers 

Tclcuiuc. 17. rue Alfred Roll. 

75011 f'iiru. (France) 

TM Stress Measurements & Engineering PvL Ltd., 

Sterling Ccnlrc, 16.1, Dr. Annie Bexxnt Road. Bombay 400018 


Stnunsi.rll Lid.. 

CowM. Isle of weight. (U.K.) 
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4.5^.3. 'I'vt'linitiuc 

(u) Surfucv strains 

Surtacr s(raiiLKarciiic:isiin>J bynmisimrig hiUiicrul iiispl.ia'incnLsol altaciicJ metal marks 
01 buill-iii-piiis by detoiuioinclcis'. By using ilefoniHiincicTs wiili (he b.tM: gu‘ater than 15 ent, it 
is possible lu measure Uie stiairi values precisely to Ore value «>lO.OOI mm rHilonnometens ;tre 
generally fiUed with dial gauges or inductive t/ansduceis. 

(I>) iiitermd strains 

Iiitenutl strains in (Ik^ bridge structure.arc measured by built-in vibraiing-wut gaugc^ lltc 
length of (he vibrating wire gauge is rnrxstly between 10 cm and .30 cm. This is lixcd 
IkUwccii die two limiting points of a known Icnglli and pul into vibration by the iisc of an 
eleetroinagnel llie wire vibrates al a fiequeticy whidi is proportional to its leitsioii When the 
slruduie is subjected to loading, (lie change in Icrigtli of the wire and Uieieby (l>e liequeney of 
vibration of (Jk* wue ar e meitsured. In this method strains are precisely ineasuied to 5x 1(1'^of unit 
delomiation. 

4.5.2.4. Analysis of results; I or analysis of results, the strains luve to be separated into two 
components. One is anticipated .strains and another one is nim-iiniicipaied smuns. AnJeipated strains 
ate iluxse whidi have- been considered in the stauc aadysis so that it is possible to take measures 
aguiasi (heir unfavourable cottscquences. (c.g.) iltc cllects ot anticipated load, crntcrcic crcep and 
shrinkage, teniperjiuies, settlements ot supports. Non uniicipaied strains arc those which have not 
been considcad in the static analysis so (hut they c;ui cunmhutc to the depreciation ul .structure 
te.g.) laiexpeetedsellleineiUol supporK lla* tailim' of aillicskHi lictween reinforcement :uh1 UHiemle, 
large dc'crea.sc of material .strcngtli. 

Ute anticipated .strains c:m have two coinponenLs; One Is iheorcUcal strains and anotJier 
one is actual strains. Tlieorctical struias, wtiich arc tlie conscqueitcc of static analysts and which 
lutvc lieen determinated on the basis of die reqtiiicmeiiLsiif.standaids and regulations. Actual sliaiits 
wliicli ate the consequence of static analysis in which the data obtained by long-tciTn measuremetu 
of the bridge. I Ising tliesc mcicsurcmcnts it Ls possible to evaluate die bridge behaviour by comparing 
total strains (anticipated straias + non-anticipated .stniUKs) wiili ilNvavticallOiiUciputcd strains. 

[| (lie total strain is equal to the theoretical strain, tlic bcluviour of rtructuii: us normal. U die 
total strain Ls greater or smaller diaii theoretical strain, (hen measured uctivil strain i.s u.sod in place 
of iheoieiical strain, liven alter, il the total strain is grcaiur or .sinullcr iliun measured uciuid strain 
ilicn tlie .siruciufv has to be subjected to lurther iins^stigalion 

4.5 J.5. Liinitnti»ns: Ilic sensitivity of the measurements depends upon tlic strain wnsors. 
Ihc .semsors may get damaged dunng ikse. Interpretation depends upon tlie accuracy with winch 
theoretical strain hiis been calculated. It is not po-ssible to isolate (he causative lacior. 

4.5.2.6. Conclaslon: Il can give some usciul information about (lie overall structural 
pcitonmiDcc 
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Kiinnu^Ncics 


1 JnvtlUr. I' ‘RILI-IS 1 ITH omniiPec Rctoimnendaliont (<n L*.TigU'rai Obswvulioii of CiiuTdc 

Hrivigies'' 

Z RII.nM TBS 5, "Gciiciul Kccomnicnilutionv for Uic Vibruling Wiic Mctuiuring Mcihtxl unJ its 

tquipinciiC 

4.5.3. Dfllvctionuiuilysu; 

4.5.3.1 lntr<iductl»n: Loml bearing capacity of the bridge iiructurcs and their rcliabtlity and 
stdeiy can be;issc.sseij by Tiiiiniiormg deflections penodlaifly. Tlu- aatuU deflectionsmcasun’d at 
i.tiiic.Tl points Imvo to coniparwl to tlwt of tJie (tieonnicxil valucJi WkTuverthe values tire diffenng 
hv a lari'.e tiiaivin, the stiuetiiic Is to beaindyKcd tin turllier iiivesligatioii. 

4.5J.2.1'rineiple. I he detleclions due Ui vehieuhu loudiiip .ireniea.suicdalaittcal places 
liy asiiiy (li'ticctoineter. Ilie dellcctiiMi iiieastiutinenLs at each luciLsiiring |>ouit may lie plotu:d along 
witli llie permissible vulue.s xs pet .standard code of practice. 

4.5.3.3. IC«|ui|>tiieiits needed: Dcncciometer, Precision level, water levels, .strain gaugc.s of 
bolii ntecluinical and elccthcal type. TTk' dilTiculty with Uic levels is that mea.surcments have to be 
utkcii tn the early morning and tritlftc has also to be shipped. I he ek'cint"al strain gauges sometimes 
behave crrauciilly because ol jiltervd re-sisiano! of leads due to eorrostiui Direct rettdmg mcclumtcal 
strain gauges arc better ih:ui manual om^. TTk' didlcctnai tnoniioting can be dime tally subsequent 
to ibe initial reference uradmgs. 

4.5.3.4. Tvvlinique. Critical locatjon.s for placing dellectomeier arc .selected whicli dcpcmls 
on tile particular type of .structure. For l)ndgc.s witli simply supported beams the dcllecuons arc 
measured at tJic cenuc of the span and at the maximum positive K iiding inoinem'. 1 or long span 
lindges over .M) in and suiiically indcicnniuaic structures, the dcllectioas arc measured at the centra 
.and at the I/4tli iUiJ 3/4th of the .span. Mea.surcracnut should be made at lca.st twice every year, 
preferably after die winter and .summer intmths. Dunng the inio;il .< years ol service the ohscrvalioas 
arc to be executed preferably lour times ewiy year 

4.5..1.5. l .nixiratory invustlgatlon earrird tint at ('Fl.Ttl (T-.CRI haseameil out some 
snuhc.son simply supported beam to know llte elfeel of corrosion on ilefleclion tx;liiivi(mr. Fnim 
the .sliitlies, it was observLsl llial wimn die diameter leduecd fium 9.6 mm to S.4 mm by corrosion, 
lla‘ tleflLaiioii coirespondiiigly incivuscd fnim 0.06 mm to 0.08 min. When die diameter reduced 
tioni 9.6 mm to 7.2 mm by corrosion the dellcxtion corrc.sptmdingly increased from O.Ofi min to 
0.10 nun. 

4.5.3.6. l.inriUithms. Tlieurclicul dcflcaUiMis me based on design tactors. whereas, actual 
ilencclioii is inlluenccd by vehiculiu loading, age of the sintciurc, temperature ;ind so on TTic-sc 
may inuoduee some cnors pariiculatly when dcllcction monitonng is coituneiiced some years alter 
consiruction. In sucli coses, conunuous monitonng over lew years only uin givi; .some nselnl ibia 

4.5.3.7. ConiTnsiun' It can give some useful mlonn;ilion alxHit the overall sliiictiual 
pcrtorrnancc. 
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4.5^. AciiU'dlc cml.«lun: AcouMic emissions are transient waves generated by rapid release 
of energy within ilic uincrete fitie to low tunphludc or high Irequi'ni 7 ol sr>und, these sounds are 
uxually not amlihlc. Acoustic ciniisMon taliniquc lias been used to study the formation, propagauon 
and influence of microcracks in concrete structures''^. Tills technique is a tluignositc nieihtul for 
evaluation of crack initiation and foi e valuutitHi dcteriuiatioii by testing < >1 aitc spcctincn removed 
from concrete structures. Propagatioti of cracks in concrete structures is followed by dclection tif 
acoustic emission events. 

4.5.4.I. Prineiplc. Tliis lecimique records tiic sounds emitted fiom concrete under load 
T ransducer is used I'ordciccung the emissions. Analysis of acoustic emtssion wavcoiotioiis Is doiK* 
by studying the energy and frequency of sound waves. 

4.5,4,2.1;;quipnient5 nccderl: Acoustic Omission Ttxiinique Model 5500 data acquisition 
systems is used lor momioring the crack tniuaiion. 

Addr<!5K of •nippller for AET SSth) Analy.s4*r 

IbrtfnnI .Steam Itoilcr Intpcctim Technologies 

I GOO. Tribute Rinid. Sueramonlu. CA95815 4400, (USA) 

4.5.4J. Ttichnique: TTic sound ciuis-sion test equiptnenl rectwds tJic.sonuils emitted from 
concrete under load. The auiusiie energy is traiisfonned to elcctiicul energy by using a hanuin 
lilanale Inuisdueer with a resonant frequency of KX) kilo cycles wliich is alUiclied to liic conacte 
surface witii siltuuic grease aud [Kixilioued usiiig a special boldei. Trun.sduccr detects tlie acrnislic 
cmtssioii W'uvea. TTw schcmutic diagram of the system Is shown in Fig. 4.33. T'lansducei iscuunecu.*d 
to un unipltlier and to a.seasilive Lipc recorder .set at highest speed. During failure of Uic .specimen, 
the recorder synebronued with the loading reconls Uic sound cinUied by the concrete. The load ui 
which crack occurs con be clearly amUysed by connecting die tape recorder to an (xtcillograph 
recorder wiUi print the sound energy on a graph as function of load. Ilic frequency of sound waves 
is measured using u storage oscilloscope. Pulse and pulse widtii are measured. This technique Otus. 
monitors tlie. mitiauoti and pioptigation of cnw:ks by deUxiing the ai cmisIic eini.s.sion events (energy 
frequency of sound waves). 

4.5.4.4.1 .ahoratnry investigations: It has bec^i reporteii ilialacoustic eims.siun technique 
can imniiltit the furuialitm and propagation of cracks even ul low loads particularly for inues 
ciMiloinitig liigli pro|xvliiai of coarse aggregate'. Tills lecimique eiiiihlcs studying Um: loads at wliich 
inlcitiul disniptioiLs occui hi ciaKietc Specimen and appears to be a sensitive nicduxl of determining 
tlie loud ul which inicTucruck.s occur and giving an indication of ciiergy change that accompanies 
cnicking. 

It has been reported that acoustic cmis.<iion technique can be used lor measuring the extent 
of damaged zone on concrete .surface'. 
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CONCRETE 


1-1);. 4.93..Si'lieinntic l)ln);rniii i>f AcniKtirEniK^Ioo .S\'sU-m 


Acoastic emission activity becomes liifih under uniaxial loadini; in the concrete contniniiift 
microcrack.'r*. 

4.5.4.5. MfId appllratlons 

(A) Appliciitloii to Reinforced CoiKrete .Structures 

Acoustic cmissKHi technique. \v;is employed m detecting tlic iJetenoralcd poruon ol a 31) year 
old foncrcle Silo' .Acoii.stic emission events were .sell vc and were ohservod upto JMJ per cent ol 
lailure load. Concrelecore.specmicn cxlmclul Irom the slnicliire r onfiincd coiwidemhle amount 
of cnlicnl iniciiKnacks. 

Il lias been reported Dial Die isuicrele core .samples cxlraeled lioiii deck .slabs in a bridge 
sinictiirc was subjected to Uii.s test foi u.sscssing Die damaged portion.s in the .structure^. Core 
s|)eciiueii from left lane and right lane of Die dock slab wa.s ic.stcd. lii-right-lane, numerou.s 
acoustic emission events were observed even from low loading level while in left-lane, few 
acoustic emission events were observed upto final loading. Hence, concrete from right-lane 
contained microcracks and was in dcivnoruted condition when compared to left-lane of the bridge 
structure. 
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(li) Application to IVecIresstd Concrete Structures 

It has been reported that acoustic emission technique has K'cn employed poriodicully in 
ilelcciing cracks in bridge stimaures''. lialilc f'acific North West l.aboratorics has applied tins 
technique on a damaged pre-stressed cuniTctc bridge structure and has collected relevant data. 

Accoiding to F1P, acoastic einiMsiuu technique can tie used lor delecting the iuihires ul 
prcsu'cssing .slrunds and wires in die presU'csscd concicic stxucuucs^, 

4.5.4.O. Liniitntions: ITiis lecluiique is only a diagnostic meilKHl lor evaluation of cracks in 
concrete structures. 

4.5.4.7. Conclaslon' Since no direci crirrelation h;vs been csiahli.shcd acoustic lechitiquc us 
iiol u.Nefiil HSH c(im>.sion moniloritig Ictrhniqm:. 
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4.5 J. Optical fibre sensors 

4.5.5.1. IntrodurIJon: Formation .and pmpag.tlion of cr:ick.s m conciLic struclurtst are delected 
iK)W-a-d;iys by opiteal fihres. MatenaU basted on hytiraulic bintlcr\ all miiiend rihitss siidi :i\, glttss 
or silica are used as optical fibres. This mcUiod is Hcxiblc and inex{K‘iisivc to study the liacture 
behaviour of concretes and for the minitoring ol retiiforoecl or ptcMressed concruie .siiuciuies. 

4.5.5.2. PriiK-iple: A light emitting diode is used as a traruxduccr to emit llic lumirums ligitu 
An optical llbie is u.scd lo transmit lhi.s signal. When tlius signal is intercepted by u dclcct in live 
system, it di.suppvurs. Thus is recorded by the receiver, which may be a photodiode. 

4.5.5.3 Instruments nM*d«td- Following tiiKinimenls :ire neerled; I ighi cinillmg dioiie-s 
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photodiodes, other accessories, such os, voluneUT, gmphic recorder, threshold detector and alarm, 
optical fibres of diameter 133 to 200 pm and capable of detecting a crack opening of less than 50 
lim 


4.5.5.4. TM:hni<|ue; Tliis incUitxl can be used to delect, number of cracks and defoniiution 
by modifying die iusUuincnLs picscnl in (be circuit. Fig. 4.34 shows simplcsl arrangement for crack 
deiectioii usingiiptical fibres. 


LOAD 



Kig. 4.34. Optical l■’ibre T'«!chnli|ue for (rack Dctccfinn nf (leani under Load 

For rK‘tecli(>n 

One or few fibtcs are placed in die zone wliere die cracks are more probable to iKoir T hesc 
craclcs ore delected by suitable ulumi or recording uiiiuigeiiieiiLs. 

For Location 

t o obtain dircctuai and number of cr.'tcks present in (be concrete member, a miilli-channel 
sui veilancc system should be incorporated in die circuit. 

I'or I'redlctlng Drfonnatioiis 

Wilh (lie hclpof signed priKcssing device by hack-scallcrcd signal mclbod, the dcfonnuiion 
of die concTcte iiicinber along the lenglli of die oplical fibre I'm! he delixled 

I'hicvmc-iit of Filircs 


Tubes about I metre leiigih are placed fur {lositiiniing fibres in die coiiucle. riie.se are held 
in place during contreling by providing liolc.s in die mmild.s. 'llie.se iiiIxts aie all.'tcheil lo Ihe 
remrorcement bar in .such a way diat it cun widaliuw iiAiuIly after final setting of cuiuicic. 

Laboratory InvissflKalions herre Wossi bus perlonru’d dn.sieclimquc on double 
enniilever beam lo delect crack propagalion' for crack inoiiilor lie iiseiia .strip ol silver lactpicr 
pcrpcndiailar U) llic direction ol lla: crack riiroiigli Ibis strip ii small inirrenl w:is applied, when 
crack pa.s.sc.s duough llii.s .strip, a clear drop in voltage occurs. Froiii die studies he plotted die 
appioxiiiiulc sluitx* of die crack lip and this is very similar lo die criK!k lip oblaincd by resin 
impregiiatiuu tctliiiu|uc^. 
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4.S^.6. Field appUaitiunK 

(A) Applications to RCC Structures 

Pierre Kossi l■abrice-Le Maou have added these optical i'tbtes in one of the caissons in the 
I unnel under the Morhe river near Paris. In submerged caistum, to monitor the cracks and their 
propagation optical fibres were placed in the cross sectitw of one of lltc sltell at various heights. 
Tliis study is hi the cxpumnenlal .stage ikiw :uk 1 (lie results are iHit given. Bui Uic Aulliots ccincliHled 
dial this icdmique may he ased to delect the surface cTack.s where odicr means of Ucicetion i.s 
not possible. 

(B) AppliculiiMK to Prestresaed Corwretc Structures 

No literature information is available with regard to the application of this technique in 
prestrcs.scd eoiKrele bndges, 

4.53.7.1 .imiUitions; 'fliis inelliod is :qiplk»hlc only 10 a .structiiie being huih. In field, placing 
of fibres Ls very tricky, hucuu.se fibres urc fragile and may get damaged during concruting. ReliiilMliiy 
and reproducibility of this method is yet to N; c-stablLshed. lifTeciivencss of ihLs method will depend 
esscniially on an understanding of the various possible mechanisms of failure. 

4..sjt3. Conclusion: Lventhough not much data is available on the field appheation ul Utis 
method, with sulticicnicxpcnmcniaiioa this may probably prove useful as ascrusor. 

REreRH«.-ES 

I picrreandFaliricdeinouu. ‘'NcwMethydfiaDctectinfCm.-ksinOjiKTeteUsingFihicOplici'', 

Material and Sttuciuro, 22,1989, pp. 437-442, 

2 . Ba:i(.'uul. A. Khwvhi. F., Mboh, I., ‘‘Concenung (he Mconurancnl of the Fracture Fnergy of a Miem- 
voncieic According to the Crack Cirowth in a Three Point Bending Tc»lr on Notched Beams", 
Procoedinga of inlcmalional Conference on Fracture of Concrete and Rock, liouslon, I 9 K 7 


4.h. Field Insperllon Techniques and Laboratory (.liemiral Analysis 

Till* iibjcclivc of field inspection is loobtmn mtormation concerning the susccpUhllity of 
iclmr comisiiHi and to know ihc present stale nt environmental penetration and deterioration. Tills 
iiis|)cclioii IS very vital and enables to know the type of repair needed and the ;trca needing Oils 
repair so as to avoid ota.s(ropluc failure of (he sirueiiic. This field inxpeeikni .'uul dieimcaJ :avUysis 
consist of. 

I Visuul observulimi with phologntphii 

2. Cover Uiivkiicini nicuyurcmeots 

3. Depth of eortsanilioo 

4. Detection of iiUniMphcric pollutanU 

5. Ill situ lan^^glh dclcrmination 

t>. Curing 

7. Analysit of cijocrctc siunpics 
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K AnLilysi>i iif inulcrinlt, g|iHi<ing innicrials 

9 Aiuilysisof waiet 

10. Struclurul dc«uiL>i 

Mo<h<Klfifc>j:y 

4.6.1. M'.uiil jiurwy of ihe struclurt wHh photfigraphs: Iliis is earned out in order to deieet 
all !«yniptoin.s ol damage and delects visually using standard tools Iliis is to be famed cnit lor the 
lulUivvinp uspecLs. 

4 . 6 . 1 . ]. Cracks-; Cracks arc common inconcrete because ol us low tensile sirctigih and 
rcialivc large voiiiniecluinge. In making acoii>lilioti.siuvcy, Iikuiuni, orienUitiou, widiluuid deptJi 
ol cracks should In': reported 

DHertinii of cracks 

{’nicks ;ire (haixicd eiilicr visij.illy, il possible, ni by die asc of llottresecnl dyc.s. I flliuviulel 
light IS a sensitive aid well ined lechnu|ues‘ Nowaibys an iitousiic crack detector or auigneiic 
entfk definer or mapnelic particle leclmiqiie is used^ 

I .iK-ation 

I tie locaiion ol ihe cracks is ciiher shown on a scale pl:ui or described. 

t Irk-nhition 

Longitudiiial. transverse, diagonal and laiidoin are iltc terms u.sed to describe the oi ieniauon 
ol a crack with respect to the major axis of tlie member. 


(.'rack width 

(Tack w idiJi is measured according to die following scale*. 

Namiw' less than 0.3 mm 
Medium bctwccti 0,3 mm and 1.0 mm 
WuU- - greater than I 0 mni 

Depth of cracks 

Depth of Clack cun Iw dctenniiied either by coring or some other NDT technique, such as, 
ulirsotiic pulse velocity technique. 

.Some more types of cracks usually occurring on coiKrete surfac'c ore listed below; 

(I) liairlinr cracks 


.Sniail Clucks or raiuloin putleni in an exposed eonerele surface 
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(II) I'nttrrn cn<rks 

Fine itpcniiig;^ on wliole coiiacic surface.s follow d particular pattern. 'litis is resulting from 
a tkcrcase in vulunic of the matcnal near the surface, or increase in volume of the material below 
llic .surface or both. 

(Hi) Checked crncks 

llcvciopment of shallow cracks at clascly i^aucd but incgnlar intervals tm tJic suilacc tif (lie 
onuoctc 

4.6.1.2. .ScMliiig: Scaling is the nakiag of the surface mortar of the concrete. As the scalling 
pnigTCAscs, utam: aggregate is cxjxisod and eventually loosened. Scaling result from poor rinishing 
and curing ixactioes, presetKe of salLs and inadequate air entrainment Iltc areas of .scaling, which 
are ciUicr dt:.scribed or shown on a scale plan are classified os follows'. 


Screrlty of 
scallnK 

IK-pth 

(mm) 

Chamctcrbtic uppearuner 

light 

OUT 5 

Gaanc aggregate not exposed 

Mediiini 

6lq 10 

Coaise aggregate exposed 

Heavy 

11 ln2S 

Coarse aggregate pmjecting from the 
surface 

ScVCfT 

Over 25 

liTst of coATse aggregate panicle* 


4.6.1 ..t. Surface Deposits: The most common type of surface deposits arc efllorcscencc, rust 
stains, exudation, dumpncAs and incrustation. 


(I) ICnioresceiKe 

It is deposit of salts, u.suully while, which result from the (low of a solution from within 
tile coiKrete to the surface where the water evaporates. 

(II) Knsf stains 

Brown colour stains arc observed in the cracks and the concrete surtacc in which rebars 
ure exposed to the atmosphere. 

(ill) Exudation 

It is (lie solid'gcl, like, nuiierial discbutgcd through (he cracks present in the concrete surface. 
Tins' ie.sults from (he alkali aggregate reaction^. 

(iv) Incrustation 

A cru.si which is white in colour generally hard formed on the surface of concrete. This is 
due to leaching of lime from cement*. 
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(v) l)umpne.ss 

Ilic cxicnc of wuicr on the surf ace due to improper drainage in the structures. 

4.6.1.4. .Some other defect'! 

fit Pop-oulx 

I lie hreakiii): uwuy of sniull portions of concrete surface due to inlcmul pressure whicli 
leases a sliallow, typical conical deprcs.sions i>n concrete surlace. Diameter of this depression is 
usually around .SO mm’. 

Oil Druituny area 

Ai ea of concrete surf ace which give.s off a hollow .sound wlien struck witli suitable liariuiicr 
or dragged chain iiietliod 

(ill) Disculnratiiin 

Dcpartuie ofcoloiir from lliat which is noniiaJ or de.siied. 

(|v) Mnney comblnj; nnd air pockets 

lliese defects oiiginaling at llic time of ctHisUucUoii may l>c present in foimed .suif:ic&s. Air 
pockets results from insufficient vibration and honeycombing which ie.suiLs fioin incomplete 
coiisolidalton and leakage of llie mortar at a joint in liie fomiwork. 

4.6. U. PhotograptLs: I’tuKogniphs arc taken w^hcic extensive dclenoration ts evulent, ty pical 
areas, gcnerul view of die structure and cores wiUi .sigiiincaiii dctciioniiiiHi. 

4.6.2. Cover thickness measurenH-nts: A orvcmieier or pachonieter or (noltinieu-T is ilsciI 
lor Tiiciusiinng concreie cowr. Uy means n( this it can be able to detect rebar .size, direction and 
position. 

I'riiK'ipIv 

Mca.survnicnts arc based on ihc d>unpiiig of a I'urallel lesoiuuit chctiil. An aliemaling etirrcni 
wilh a given trcqucncy Hows ilirougli the pmhlc coll. Uius creating an allcmaling magnetic field 
Mei.il objects within die nuigc ol this field alter coil voltage as a function of cover and Ixu lUiuiieter 

I’rofomeli-r or eovemieter 

II compri.scis a probe and the indicator uniL Ihc electronic .system, coimol.s, iiidicalor 
insUumeni.s lue iLsvemhled on ihe indiealtx |omt lami p;inel 1. Icvcn different bar diainclcr may be 
set ill a rotary selector swili;h whli a range from K to 14 mm If y means of this, the niaxiinum cover 
thickness cun able to be measured is 120 mm. 

PiKsIlion and dlrrs-tinn of rebar 

Ihc pixsiuon and alignment of rcinforcciiicni bars embedded m concrete is detemtned by 
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syMcmaiic scanning of Uh: prohc on liic surface. The poibe is positioned directly overd rebar when 
maximuni dcflcctiou is indicaled on the neutral scale of the instrument. 

Cover Uiickncxi 

After position and direction of the reinforcement bars have been ascertaint-d, thickness of 
tlie concrete cover can be directly read, if the rebar diameter is pie-sei 

4.b.J. (!arbniuitinn- Carbon-di-oxiilc prcscnl in the atmosphere react with the calcium 
hyilroxHk present in (lie concrete forming calcium carbonate and additional water. Iliis coibonalion 
process leads to die ncutraliralion of the concrete pore solution (pi I < 9) and causing the breakdown 
of the pa-ssivity of the rebars. Ihc progress of the carbonation front into the amcretc can take place 
tJiTougli die following diree processes. 

(1) lly mcuuuof chemical prnccM, i.e., the reactiono{ CO, withCalOH), uf llic porc-wntcr wiiich rcKull 

in ihe formation of additional water. 

tii) Hy mean« of difluicion process, i.e., the ditfurion of CO, through the concrete which i« already 

caibnruled 

(iii) Diffusion of water formed in the chemical reaction. 

Since diffusion process must take place through the pores in the concrete and porosity has 
decisive influence on the carbonation process. 

Thus, the removal of calcium hydroxide from concrete reduces CaO content and leads to 
the decomposition of other concrete consUlucnts viz., hydrosilicates. hydroaluminatcs and 
hydrofcrriles, rcsulung in loss of strength and deterioration of concrete lliis piwcss of caibnnaUon. 
although progressing .slowly, penetrate into the concrete to a comuk'rablc depth 

Method of determining depth of carbonation 

'Ilic depth of carbonation of the concrete in various parts of the structure is usc'ci tamed hy 
using bromo-cresol purple os an indicaioi^. The indicaioi turns yellow in acidic medium and violet 
in aikalinc medium. The depth of yellow colour gives the depth of carbonation. Hhcnolphthalcin 
indicator is also used to detect the depth of carbonation. ’Ibc indicator turns purple in aikalinc 
medium :md ailnurles.H in aadic medium^, 

4.6.4. Detection of atmospheric pollutants: TTie atmosphcnc pollutants present in the 
auniispiicre, sudi as. chloride, sulphur-di-oxide and carbi,in-di-oxldc are determined by exposing 
.sal'mity cuudk and sulphut-di>oxidc candle rei^icctively at the field. 

CTilorldes 

The i hlonde in tlie alrnosphcrc is estimated by ‘salinity candle mcUiod’. 'I'hi.s method is 
based on tlie uhsorption of chlorides present m the atmosphere by the wet gauze, which is then 
digested willi hot distilled water to remove all dtloridcs. Tlie dikrride is estimated volumcthcally 
by Mohr's method*. Atmospheric salinity prevailing at Ute site is independent of the disutnee tfmn 
the sea. A chlordc content of more than i(X)mg/niVday siiould be considered as quite aggressive. 
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The iHilphur-iJi oxiJc famlK* i» hy nit\tns ol gau/c cloili comaming Ic-ad peroxide 

piiMc 11k; .Milpliiir-di-«ixukalniospticri: ttxicLs willi lead peroxide fnriiiing lead sulpliale. Hie lead 
Milpliaie ix made (o react wiili sodium catiHiiiale willi die fotmaLiun of MHliiim sulpluile. Tlie 
sulphate is precipiUited as bat iuitt sulphate hy die addition urhariuiii chloride. 

C'.arlvin-dl-<>x'ldr 

CO, present in die alinosphcre is csimialod by passing atmospheric air through a known 
volume ol ixtnum hydnixide solution ol known mirmaliiy kept in a glass eonuuner lor a particular 
penotl ol lime I his banutn hydroxide kepi m the eonlamer is converted into b.'iriiim carhonalc 
[lie solution is titrated with standard oxalic acid lor getting the volume of unrearted barium 
hydroxide I rom thesi; vahies CO, prc.sent m the atmosphere can be obtained in ing/inV 

4.6.5. CiiruiR Ihis i.s die iiiedKid of cxillccting die concrete samplas from the slntclure. This 
is desirtK'd vc in nitliuc :u>d consisLs of drilling the hole peipc^ndicular to die horizontal surface using 
a pcnumutically operated coring machine*. The coa- samples taken from the various locaUons can 
be c;irolully analysed Uw sutnglh tletemiinalion. chloride penneaiion and other NI) T teclmiquc-s 
such as petrographic examination The diameter of the coa* varies from so mm to 100 mm 

4.6.5.1. Strength deteriniiiulUm from cure samples: Ilie diameter of die core for die 
sUengdi dcteimmation should lie minimum of KKI mm. Utese coic saniple.s me capiied tielore 
making the coinpre.ssion test anti tested under M:tnd:trd compression testing machine'". 

4.6.5 Rapid i hloridi; pt-rmeahility Dcutminatuxi of Or; ntte of diltimk; p«;nne4ibility on 
aire icimples t“.ui be Gimcd oiil by a nieduxl pniptxscd by 11IW A". In diis test coiicietc cote sample 
of .50 mm length is placed in die test cell and voltage of 60 V Is applied bctw’cen two electrodes 
on each face of the core, (’hltirldc Ions present in the left chamber of the cell, wlucli is filled with 
N;tCl .solution move dtrough die core sample to die nglit chmitherol the cell, wlucli is tilled wiili 
an alkali solution I he anuHiril ol 000-001 transmitted diinng 6 hour cs a tneasiire of the chlonde 
pK-micihilily of IhecoiiiTele. If the current (raiLsinilled during 6 hr. Ls in die range of 1K21 to 1919 
CDuhimhs lilt'll it will iudicale dial the rate of peniieahility ftii chloiitlc is low. 

4.6.6 ( iK'iiilral analysis of cntHrete sanipIrK; IVnctratcd chlondcs ;uKi sulplutes Imm die 
aimo.sphcrc .is well as pt-illuicd water surrounding the structure cau.se deterioration All die.se 
clilnodes and sulphatc.s do mu i;ikc part tn the cormsum pnxre.ss (Hily msidmil chlonde itnd sulplialc 
an: resptrnsibic lor promoting corruston and rcniainmgs reticl wilb the constituents ol ccnicnl and 
become inactive" It isnccesmuy loamdyse llieconcix'le siimples taken Iroin die.diflerciil p.trl of 
die stnicture lor tree chlonde, tree stilphaie and tdkalinity m the hiboralory 

Alkalinity 

UK) g til powilered roncrele is shaken with 100 ern' of ilislillctl water in a conical flask 
in a microid llask sliakei lot I huui. Hie exliucl is then filteted dirough a wliaUuaii liliet paper. 
Next, 10 cm’ ol rillcied solution is liintled against N/10 slmidard acid solution using iiiediy) orange 
mdicaliH Hie iNinmdiiy ol die solution is calcuLiicd from die tiirution. Ixir good quality concrete 
die lumualily .slioitld lie aiouudO.IUN. Hk full in ulkaliniiy indiaitcs die picssivc environment close 
to die reinforcement cea.ses due to the entry of comisi ve constiuenui. 
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Fr«t! chlttride 

r.xtiiKi pfEpufcd fftMii (lu: p«)w<krcd Nimpics is analysed lor free chloride, A 5<lcc»)riihercd 
.solution Is taken and tlic chloride Is estimated by silver nitrate titnitKtn u.sinf pot.issiiim chromate 
UA Indlcatot'. Ilu; tolerable limit for chltmde is 0.1 per cent by weight of eonemte'' l\itcntlo!ncirie 
titration technique is also used to detect fu'C chloride present in tlie concrele .sanipli*’ 

Freo sulphate 

A ^0 cm’ of filtered solution is token and the sulpluilc c.stinulcd as SO^ by h;irium sulphiue 
piecipitHtion mchinif. 

4.6.7. Analysis of rclnforrenicnt materials, croutlnp materials 

4.6.7.1. Qunntitativcusscssment of corrosion in mild steel reinforcements: lliis is done 
by in-siiu measurement of Uie dnuneicr of llw expo.M:d rods using calipers Itclorc making the 
measurements die rust and loose scale arc removed Irom the surf ace I he ongtnal diameter ol ilie 
rebars used at the lime of cou.slnK'tion i.s taken Irom (he onginal drawings f rom the me.asureinenl.s 
the reduction in diameter is calculated 1 hisum he e.xpre.ssal a.s the eotrosion lale in minpy. Htis 
gives quantitatively the extent ofeorTOsnui in mild steel rcinforcemoiils'’. Inductive mugiieiie 
measurement is iisial lor delecting .steel failures and for cliecking llte corrosion and dclerionilion 
of teiiiforeing ami prestiessing steel*. 

4.6.7.2. Composition analysis of prestreising s»ire; Samples taken from Uic Iructua'd lip 
of die strand * cun be anuly.sed for their chmical compositient such as mungiuiesc. chromium, nickel 
und copper. This can be carried out using the Atomic Absoqiiion iipectrophotometer'*. But elements 
such as caibon,.sulphur, phosphon>us und silicon need spccilic elemental analysts. A technique of 
.X'uustic .spying, wlicrc .Tcou-stic sounds arc rvecived and rccordcti is uswl lor die dncction ol lailutcs 
in cables, ropes, prcsircsing wiiv.s’ Siunplcsol prcsirc-ssing wires Irom Inn tiircil end .in; cleaned 
off amt then siihieeled lo melallographic examination to idenlil'y die inixle of failure such as hrilllr 
fraclme, .stress corroMon crai'king, cleavage, etc. 

4.6.7.3. Analysis of cement grout samples' (.'ement grout samples taken from the lustc'd 
cable sheath are unaly.scd fbr Itcss of ignidon, pH. und free chloride. Ia-ws on ignition test cun be 
cjirned out as per I S. spccilicauon'V It die loss on ignition is greater than 4 per cent it indicates 
die presence of some carbcxiaccous material or some porzolana admixture, like, burnt clay p<iwder 
or fly a,sh'* pi I ami free chloride can he estimated by the .same metluxi asde.scnbed lor chemical 
analysis of conrreUi samples. 

4.6.8. Analysis of water: The water sumntnding llic siniclure is collected and analysed for 
conusive constituents .sudi u.s chionde and sulpliate. 

4.6.*>. Ntrurtiiral details: Sinictural details of the bridge lo be surveyed hits lo be collected 
for the lollowing aspects. Location ol tlic bridge from the sea. year of construction, year In which 
distress was noticed, length and width of the span, type ol loundatlon, substructure details. 
.supi;rxtnieiure details, mix ratio, cover used, etc. 

♦ Chemical composition tests were carried out on ptesliessing steel of fi«l 'Hianc Creek Bridjrc, alter 
corrosion was noticed. 
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4.6.10. Field liLspecliun of suhinerged structure: At prc«m. there is no qu<inU(ailvc 
iiitormation available for underwater inspection ol concrete structures, therefore, it is dil lailt to 
estimate the corrosion mte of reinforcing steel This rebar comwion pirjblcm is a major risk factor 
In offshore ctmcrcte design A new' urnlenvatcr inspection teelinique tias been dcvelopeil by 
ctunblning measurement ot electrical potential diirervntxscaascdby a anrosion oirrcnl in sen water, 
w 1th acoustic inspection to di-tenninc track widiji and crack dqilli'’. Visiuil ohsei vation* is taiTicd 
out by means ol Remote Controlled Television equipments (KtT) by drivers or by die uv; of 
subriiiiniK.ts"'. 

4.6.11.1 .oad Tests' The last word in field survey is tlie loud test I A>ad tests are icsually in:vle 
only alter the results ol oilier tests have tint given a clear picture of tfie coodilion of tliesliuctiire'*. 
1 lie lest unisisLs of uppi ving u louil cqiiul to or greater (iuui the design live load to see if the structure 
van support It w ithoiit collapsing, aacking jcvercly or deflecting excessively. 

4.6.12. ta) I'ieldsiirvi!)' cariiwl mil on various .stnielures in USA' Ministry of Transponalnm 
.ind Coininimication ol Ontario, USA luis earned out a detailed bnJgc deck condition survey on 
two bridges One is pre.slr,'vse.d post-tensioned concrete bndge and another one is lour span 
eonlintuni.s reinforced concieic ‘T luaun with a.spli;ill walei pi oof nicjiihraric^'. iTimi die siirwy the 
lollowing ciNiclii.sioas weie jiirivcd. 

(I) I op of Ihc <lcs:k Kurfiicc oihibiLs niimeroiu Inn;itudinal cracks coinciding with llic voids In the deck 

xlsb 

oil Ibectilondc present in iheconcrete simple is ibove the ihrcsIvoM vuliie. 

(ill) I1>c bviiid of thr aspliitll inembMiio to tlic uiocrcte is very ptv>r 
(IV) ibe p.sinl Is |Keling from die concrete c.iu.sing severe corrosion 
(VI Omcietc Witt im pri>j>eily sir enUuined luu.slng severe dclHinindiji.<ns imd .s^nllings. 

4.6.12. (b) Field s-urvey on parking structures in U.SA’ ffarking Mrucltire-s arc subjected in 
vuryitig degrees to luuhicni weather conditions causing, severe detcrioratiim in USA” Unlike a 
tiridgcdcck, the interior or a ]iaiking facility is not frequently rinsixl with preripil.tlion Its exposure 
to ( hliiridcs inuy be worsened due to pixir drainage of die stab suifacc. Dclerioralion usually resiill 
m spalls ,tnd dclaminutiore; in die driving suifacc, leakage of water dirough joints, cracks, sp:dling 
ol the lop surface and ,sp;dling of concrete on beams and superstructures. 

4.6.1.1. Field .survey on pre.stres.sed roiHrete bridges: Vladimir Itas identified the cuuse.s 
for corrosion of the preslrcssiug cuncrele bridges^. (fui ol three budges two of them tire precast 
prctcnsloncd and one Ls post teasioned type of bridge. Fxleni of di.slrc.s.s, delainitiaiton, cover 
ihicknws mea-surements. chloride and petrographic analysis from core .sample, metallographic 
examination of fractured lip of stnind.s had been carried out for each bridge. From die .siiulics 
lollowing conclusioas were arrived. 


' Visual c'bscrvulion Ihroujih under water videoj or phmography po*cs problems if w.vier i» murky. To 
ovcicoinc Ihis. the hubilal technique was developed and lued successfully nn 'fhanc ('reck Hridge. Il 
esscnUuily consuls or a small prcssurc-air chamber in which a diver can sil and inspect pirliisi by poiUoii 
of viibslnKlurc «.«• foundalion. The steel box wiUi saskcls can he Uil(««d to fit ihe shape of member. Fvcii 
repairs can be curried out in (he dry. 
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(i) Corrosion of prcslrtsssing Uccl prior to placing in ooncimlc is oiiuwH mainly by defects in steel > v by 
improper handling or u combination of both. 

(ii) Corrosion of steel and dctcrioralion of concrete occurred doe to the pwsciicc of clilotides. 

(m) Failure of prestrexsing strands occurred as a result of a ductile overload due to reduction in the 
effective cron section caused by oxidation conoiiion. 

liv) Inadequate concrcu; cover, cracks in the concrete overlay, initnopct drainage system are the major 
factors cnntribuung to corrosion ol rcinlorccment and subsequent concrete dctcUoration. 

(v) [‘clrographic and permeability analysis of the concrete samples showed gix>d quality and low 
permeability, hence proved these arc not major lac tors promoting cocrosioa of prcstrcssiog strands, 

4.6.14. FWd survey carried out on various structures by CLCRl, Karniktidi: ‘Ihe Central 
Hlcctfoclicmical Research Institute, Karaikudi has carried out a national survey m the a'rrosion 
susceptibility of various structures .such as concrete bridges, buildings, shipyard and rcriili/er 
iiiiliislnes'* '* In .addiliiiii to the nicIhiKluhigy piescrihed ticrc, electrical and clccliiH:hcniic:il 
teciiniqucs ;ue also usi-d tu detect susceplihility of rebar conosiuti. Fniin the extensive studies, (lie 
folliiwing ciMiclu.xltms were unived. 

(ii Ibtcopi one or two, oiher bridges surveyed have shown distress within alsiui 10 years. 

(ii) Ahnosphcrlt salinity prevailing at the site in tndependeni of Ihe distance frvuii Ihe sea 

(iii) The chloride and sulphate contents of the water flowing below the bridge also conirihuie bi Ihe 
uggressiviiy <jf die abnosphcrc 

(IV) The aclual cover thickness provided at different bridge sites arc very much lower than the values 
specified in the Standard Code of Fraclicc.s. This inadequate cover thickness is the most important 
lacior contributing to rapid penetration of corrosive consUtuents. 

(v) I asss of alkalinity scenu (n be another impiaiant factor conlribuiing to the breakdown ol passivity. 

4.6.15. Conclusion. Predicition of life conacle striKlures Is e.s.suntiul fordc.sign, planning of 
maintenance and tepair action. Probablbitic assessment of the residual life of the structure cun be 
made with periodic condition smveys^. 'Iltercfore. the use of the ticid survey is to know the present 
condition and extrapolate it to arrive at the remaining life of the siniciurc. 
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5. PROTFC'TIVE ASPECT S 

5-1. Cnatinii; to St«:| Kt!inrnrr«>ment (Non-Prfcstreesini; SletJ) 

5.1.1. Inlruduction’ I )sc ul rul^lul luiiilorccuiciit ntds aiupkd wi(ii exposure lucorroxivc 
cnvirotuiicnt lead lu incmulmc luiluie of RCC }>lnic(uic!>. Ilje iasiuiiecs of failtitcs indicate dial 
witliiii 20 lo 30 years, die duiubUily of marine sliuLluie Ls adveiscly affected; Le., die actual triMihle 
I rec life ul structures in ag^rc.ssivc environment is only about one lifib of tbc design life, unless 
some etteedve protective meusunrs are taken at the Inidal stage ttscll. India with Its nearly .5ti(K) 
km ot avtsial line Iws to maintain many strategic reinforced and pn^stn^ssed concrete structures such 
as bridgc-s, olfshore xtnictnn’s. etc. which aa- affected by iiline. action A protective antlcoirosive 
tiuiitmcnt lo steel rcinlorceinent before it ts laid in concrvle csui guiird agairiM tins clilondc corroMon 
ol sled, f‘urrenily three diffemni types of codings arc being used They are. galvanr/mg. epoxy 
coaUngs and ceineiil bused coulmgs. 

5.1.2. MctulUc coatiit}^: There ore number of metallic coaling systems such as zinc, nickel, 
cadmium, copper, lead and tin. Metals like zinc, dial arc more active dian iron will give sacrincuil 
protection. TTiis protective ability is ol'much value where the coating materiul is, likely, to be 
damaged and die base metal exposed'. I'nder these conditions, a galvanic couple i.s loaned in which 
the more active metal dissolves ,ind the base metal stays protected. When there is no brcakdosvn 
III zme ctxmng. the coaling behaves like a h;uncT lo proted the underlying metal Mchdlic cmtiing 
like nickel coating is non-.siUTi licial as nickel is nobler tluin mwi^ 7inc Insiiuile luid arlvocali'd the 
use oi galvuiii/.ing and liuvegiveu die xpceiriealioii fur the same'. In recent years, diere lias lieen 
an increasing use of galvanizing a.s a protceuve mcduid ugaiissi cunosion of reiiifotciug .steel, 
particularly iti U.K. and U.S.A*. A series of evalualioas conducted by die Portland remciil 
As.s«x:ialion (I’CA) on bridges containing galvanised rtinforccmcni were undertaken*''', lor salt 
contaminated bridges, in Bermuda, which had been in service for 20 years, no corrosion damage 
was notcef. A large series ol test re.sulLs have been presented on meiullic coated reinforced concrete 
prisms exposed at different levels in the Kance Usiuary, I ranee*, (iaivani/cd reinforcing was 
observed to provide coiTO.sir*n priHecdon ;U dillcivm covers compared to black steel, aldiough the 
results wcTV not qiulltntive. 

'Ihc performance of metallic coated .steels in concrete under various condidons have been 
investigated’. It has been concluded dial for application in new concrete structures boili zinc and 
nickel coutmgsaiTC^ri'd suitable In llie cascof 21 years old, "Tong Bird flndgc”, ffcnnuila. the 
galv;imzcd cojiting had approximately 60 to 75 per cent ol the onginal crviting rctnaiiinig“* 
Iiispeclinii of 3 ye.irs old, '’licit:,'! f’liica Bridge" revesded dial die span eoiitiiiiiiig galvanized 
leinftircenieiU sliowed no evidence of comision, alllioiigh the ehluride level was liigli, while the 
.spun coiltaming black .steel .sliowed evitk'iice of eorrosiou. The perforinanee of /.iiiC'Ciuiied 
reinforcing .sicol was examined using (nccnickcd bcaiti.s exposed to iiilemutleiii sail-spray 
coiidilions". Tlte results ol Uie.se expenuiciits, which compared die performance of black and 
galvanized Hai suggested dull a zinc coaling was niea.suiahly henericiul in arresting conosion in 
concrete cuiiUiinitig cruclts of uptu 0.3mm widdi m compari.son with plain bar. 

After a cnticui appraisal of die technical literature dealing with dun wall reinforced concrete 
cxpisviTd in Tiianne- wnidtlions for die period coviTing live past 7.S years, it wa.s concluded dial die 
use of galvanized remforcement for this wall remforceil concrcle flualiiig piers would be 
hencfidal'^ Tests w ere run (odelemime, dianges expciienced in the zinc layer on reinfoic'mg steel 
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in concffie and whether f vuni/ine leads u» improved protection uj;ainsi corrosion in carbonated 
concrete" Concrete pnsnis reinlorced with galvanized steed b;ir were exposed to vanous relative 
humidities lor dilkamt penuls It was lound tluit /me was consumed mainly in the lirst seven days, 
but at KK) per cent re.lalive liiiiiiidily liir 2 years exposure, there was ailililional /me rniioval To 
ditieniiiiie ilie eltcvt of caihomiliou. .series of lesis were run iLsing eoncrele pnsm.s wilii rciuloreed 
dcloiiiicd bars. rest.s)K‘ciiiicii weie slotcd toi one inunlli in die lalxiialory, liicn cuilx^nuted with 
a 3 per cent utmosplicre. It has Ix'cii lepoiled that iimncdiulcly after aubuiialion of dw oiiicrcle, 
the iingalvuni/.cd bars began to ruse and by two years had Firmly adhering rust crusw. but the 
galvanized bars .showed no .signs ol rust alter two years ol exposure. 

Corro.sion charaaerisUcs ol galvanized rcinlorvuig bars has been studied''. Conovtc beams 
w idi galvanized remlorcement bars were .subjected to accelerated corrosion tests in a 3 per cent 
NaCI solution al a eonsuint ciinent density of KKIinAyiii^ using impressed current. lixperimeiil 
result showed dun die galvanized steel bar imiiroveJ die curiosion resistance of reinforcement 
embedded in concrete at dcpdis of cover from 10mm and 2Umin when subjected to imprc.sscd 
currciiLs. I he corrosion rcsisiana* ol die gidvaiiized bar in a n.nural nuinnc envtroiinicni was greater 
diaii Uut ol dH’ black .steel. Illuw been reported that IvHdip galwuiizing did not alicci die niediamcal 
propcnies ol die liol rolled bins 

I .aboialoty and cxposuie .site (nuls have been cuiiied out oil a iiiunlicr of melullic coaling 
systems for reinrmciiig steel". It lues lieeii reported tluil die zinc coatings oil .sieel delayed the on- 
.set of cono.sioii. llie corrosion of zinc in hydroxide/chloridc .solutions were c.xamiiicd using 
poteiuiodynamic ivilaxizaiioii ledmiques'''. Ii luis liecn concluded that diloride attack on zinc was 
considerably reduced in the presence of hydroxide. 

5.1.2.1. IVrforiiiunce reporls tui Kulvaniziii}’: Ihe behaviour of zinc and galvanized steel 
in diloride hearing calcium hydroxide solutions have been examined using lull and pariial 
immersion techniques'^ I he rcxiills ol dicsc tests and similar ones on mild .steel were compared 
and It was condiided ihal under eondilioii.s ol iiiliomoge.iieous emhialiiieiil in coiiaete. the 
perlonn.iuec of galvanized sieel was i|uesiionahle A senes ot loiig-lenii exposuie progiamme 
rcpoiled llial galvanizeil coaling delay Uic oicsei ofcoirosion in marine enviruninent.s, hut ilo ihii 
picvent it completely"'. 

(Jal vmiized nMnlorccinrnis Irom seel ion ol Hermuila Air 1 emunal torn down lor rcriiodellmg 
showed no rusting alter 13 ye.irx oi scrv'icc"' I lowcver, occasional cracking nl galvanizing wa.s 
ohwrved when nul w:cs henl lixi sharply 1S yearsiliinilum exposnm lesl.s at Ihc liuilduig Keseardi 
.Siaiion sliowial dial w illiiii iIk; luorlai. gal vuiii/eil steel was i wily sliglilly uilnckeil bin loss of zinc 
w:ls observed al motlar'Slccl-uir iiitcriuce und additional piutedioii will) an oigaiiic ciuliiig was 
ivcommended It has been .stated that gal vunizisJ sled sliowcd considerable awisiaiicc to pining 
corrosion, bm much ol the zinc liad iiscll etumded in the most corrosw: manne conditions'’ 1 hrec 
years exposure iJaia collected by huildmg Hesearvli I'siablisliiiuni, II K .showed sigiulicaiu loss 
nl /me on the gatvani/ed sieel at ImiUi lOmm and 2i)mm coveis. 

A eleven year exposure programme in marine environment revealed that the zinc coating 
suffered civTosion by 2 to .3 mil. loss in thickness ol the onginal /me layiu^- It luis been observed 
iliat the unlavourablc inlUicnce ol chlonde :«id carlxmaiiou is less on gal vaiii/ed sled hui niuln im'd 
ttiai being a complex problem^ A lliav year cornwioii lescardi iwugranuiie oil pmiectiv c .syslems 
tor ■“New preslres-sed and suhsirucluic eoncrele" lues lieeii earned oul’V One ob)eclive ol lliis 
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programme was to establish the pcfformance ol'galvanized bars used throughout the conavic and 
to e^stablish the diHerence in corrosion re^sistancc. when galvanized bars and normal bars arc used 
in same constnjction 11115 has been done by two lahorattiry studies, which inclixlol a 4X-week cyclic 
wet and ilry s;ilt water exposute :uid a year Uaig study witli cyclic salt water cxixisurc on liill si/e 
coiuwie specmmi It Iws been concluded tiuit gul vaiii/ed bats, wlicii used exclusively witliin tlicse 
vOTOiis sTveimen, developed very low corrosion cuirculs. Zinc corrosion by-producLs and extremely 
snuill unuHinis of steel corrosion by-products cveiiiually developed on the galvanized bars. It lias 
also iKcn repofied that galvanized bars iind grey bars, when used in the same specimen developed 
very large and sustained corrosion currents. 'Ilie measured corrosion activity was similar to 
specimen containing only unprotected grey bars. Zinc corrosion by-products and small amounts of 
steel corrosion by-products were ob.scrvcd on the galvanized bars, which indicated that the zinc 
coaling was corroded away in small, localized areas. 

■|hc behaviour of galvanized versus black steel rcinforcmml m lolhpsip specimen ptintally 
immersed in saturated NaG s»?lution h:is been invcsligtilDl^' Data Ironi tins sr.nc.s indit“aterl Hat 
there was no beiie.nt from galvaiii/tiig aiul tiuit comixioii began at roughly Uie stuiie time for botli 
types of steel Furtlxr. for Itiw walcr/c«iicnl ratio concrete, gal vtuii/ed xleel spcciiiieti cracked 
earlier titan black steel speeiincn.The effect of “tidal flows” of seawater lias l*een exaiiunedoii 
ciNKTuU: prisms ciHiiainiug Ixidi black and galvanized steel under lalHinilot / auidiunis^'. Tlic results 
sliowed Uuii IhiIIi die black steel and galvanized steel reinforcement initialed cracking at tlic same 
lime after iminetsiun, but that following initiation more severe cracking wa.s observed on die 
galvanized steel, there was a tendency for the galvanized steel u> generally retard die cracking, 
but once the cracking occurred it tended to be more .severe on the galvanized steel specimen. Ihe 
k'htivirair ol zinc-cixiied and nickcl<o;ilcd steel in simulated concrete (calcium-hydroxide/sodium- 
cblorulc environments has lx:cn investigated* It has been lound that zinc .showed quite severe 
corrosion in llicsc icsl.s, whcrea.s nickel did not. 

Two tnajof exposure site programmes were undertaken to provide cumitaialive infonnatnni 
on the corrosion .susceptibility of steel In concrete-'. Tlic main objectives of tliese two programmes 
liavc been to provide information on galvanized bur in good quality u.s well its poor quality dilondc- 
free concrcic and to evoluule the effect of chloride on the pcrlbmnarKe of galvanized bar. In the 
first series. conCTctespeciincn which were made originally without deliberate addition of chloride 
lias been under ie.w lor 14 years. Ihe second series (made up of concrete beam and prisms) has 
been midci Hrst for five years, hut m these specimen a range of calcium chloride udditlon.s has 
licen made to accelerate Uie corrosion cflwl f rom these tests, it has been concluded that at higli 
ctiloride levels 11.9 |«r cent and tihove), .senoiis corriision occurred on both galvanized and plain 
.Sled. Cialvanizing provides some delay in llic otiscl of anTosion-indncerl cracking ol the cover, but 
the delay ranging between six iiuHilji.s and one year In die raihonatcd clilundc free concrcic> the 
application of a galvanizing coaling to tlic steel mcasuiubly delaying the oasei of coaking. It has 
been concluded that under certain circumstances die use ofgal vunized itanfoa'cim^il can umsiderabty 
inliihii ihccorrosion process. 

'1 he corro.snin preventive cficct ot galvanized slccl rclnlbrccmenl has liccu desinilicd 
Piccraeked concrete Kpecimen with galvanized reinlorccmenl were Mibjccicd lo cyclic 
envtroiuncnud tests for 160 days m live laboratory. It h;ts been lound dial in all Ihe galvanized .steels 
white rust of zinc and spot rusts of slccl were noted on Ihc steel bars at the cracked location It 
has been reported that the steels having die cluoiuuie treatment and the amalgam plating .scented 
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(Cl lie inelfccUvc. Il ha.s been concluded (liul gulviuii/iug is uo( always satLsTacUiry a( (lie spbcsli 
zone*. 

5.I.2.2.1'lndlngs of UKI^, UK: Building Research Lsiablishment (BKli) has studied (he 
porloimancc of galvanized stccl'c It was lound that when concrete contained high levels of chloride, 
2 per cent or more, cracking was not significantly dittercnt whether galvanized or bare steel 
fuinlorcements were used II was considered that (he small delay helorc the onset of cricking could 
make tir use of galvanizing steel not ccamcimically worthwhile 

Conosion {ictfonnaiice of diiTcrctil concietc rcinfoiccinent products such as mild steel, 
galvanized steel, stainless steel, fusion bonded qxixy coaled leiiifixccments liavc been investigated’^. 
In that study, concrete .specimen with galvanized bars were e.xposed to the atmosphere for five 
years. After exposure period, a comprchcn.sivc examination was undertaken by visual and 
electrochemical methods. It has been concluded Uiui galvanized steel otfers increased corrosion 
protection in carbonated concrete uncontaminated by chloride. But in the chloride contaminated 
mis'ietc seven' corrosion was observed II has been rcp»jried that, corrusion was observed to be morv- 
severc in concrete contaminated with NaCI di:ui in those with CaCL 

5.1.2-^. r incJings of KHWA* Tlie conosion re-sisiiuice of galvanized icliuis iii coiicietc lias 
Itcen studied by ledciul I ligliway /\ilmim.sU'a(ion iFl IWA)”. It has been reported that, tlic galvanized 
lehiu in concrete containing ctiloridc was subteclcd to (lu; same type of macroscopic corrosion as 
block steel. Both the ItMig-icmi exposure data :md the rate ol cooosion data indicated (hat no benefit 
and periiaps a slight detnmenu when all the rebar was galvanized and a (i.'K) water-cement ratio 
concrete was used Studies on 0 .50 watcr-ccmcnl ratio concrete nuticaied (luit (he combination of 
chlondc contaminated concrete and Wack steel in chloride free concrete (electrically ampled) was 
p^micularly h.i(l llu* rate ot corroslim was more llun tw ice .is high lor situation ilun lor the equal 
concrete 111 wliich all black rcmfoiciiig steel was icscd. 

But in tlic case of O.SO water-coinent ratio, botli tlie long-tenn expo.sure data and the rate 
of cotnssion daui Indicated a benefit when all Uic rebars were galvanized. Significant corrosion- 
iiKluccd cracking occurred on the black steel slabs wiili concrete at this 0.5U w ater-cement rauo. 
hut not on die galvanised rebar slabs Rate of corrosion data indicated dial aNsot a 34 per cent 
reduction in macroccll corrosion airrcnt ami a 22 perccni raluciion in nieial loss. Rut in iIk- t) 40 
water/cernenl ratio cxxicTvte an .iveragc ot 86 perceni rcdiiclioii in both corrosion cuTTcnl ;uul nielal 
lo.ss bus lu'cii obtained. 

A panel ol Umx experts .sun'eyed the stalc-ot ihc-an on the use and pcriomiance ol galvanized 
steel ill an adverse environment. It has been concluded that there w;is iioi a high probability dial 
the use ot galvanizing rcinlorcing steel iLslhc protcelivc .sy.slwn and normal con.siniclion practice 
will provide long -term pnitecUon to eoncrrlc memhers oonstniricul in areas wticn- diey wvre exposed 
to dcicing siill or a riKistal environment II has alw) been confirmed that the galvanizing lUdays 
the on.sc( ol corrosion-induced distress, but not prevent il 

S. 1.2.4. Bond strength Ccnflictitig rcpixts liavc Iwen pre.scnied on tlic bond stiviigtli piojierty 
of Uio galvanized steel. It was found that the bond strength was rcdiKcd when rusted reinforcement 
wn.s replaced by galvanised reinforcement*’. Loss of bond strength with galv.inizcd rcinforecnicni 
lias hi'cn reported” As a contniry, il has been rrporltal dial ihc bond strength improvwl slightly 
whim galvanized steel reinforcement isured'’ Il has al.so bcni reported dwt for plain bars, the bond 
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slren^ih ol'Ralvunlscd a'in6)rccinem was 3U lo SU per cent gfeaicr (hun lor sintilar ungaJvaniycd 
a*inlorccnieni. It has also been concluded that for deformed bars, the homl strength ol g.tJvnni/cd 
bars was die some as that for similar ungalvunizcd bars 

When r.inc corrodes at a very high alkaline soluiiutLS, the hydrogen gas is libciulcd. This 
lilvaait'd gas reduces tlic iHinding liclwccii /Jne and steel. To improve the bond strengtli, chromate 
iteaUncnt lo galvani/ed liars lues been suggested to raise the hydrogen over voltage and decneusing 
ilie gas evaluation'^. A .study on pa.s.sis’aiion of galvanised reinlorccmcnt by inhibitor anioas tuis been 
inaile'''. Zinc ui saiuiuieii calcium byihoxide solution was found to passivate in the presence ol either 
sodium chromate or cluomic oxide, in both cases, chromate ions were reduced instead of water so 
that there was no evolution of hydrogen. Ihe passive film coasisted ol zinc chromate and chnnmc 
oxide, but calcium hydroxo/jncuic wus also produced, which assisted in passivating the zinc surliice 
In the cascol chromic ox idea.smallcr concentration of chi ornate ions was picseiil and pavsivated 
Ihe zinc lo a lesser extent. It has been coiiclinlcd tliat 70 |ipm of .sodium chromate was sufficient 
to passivate Ilie- zha, whereas, aticasi 300 ppm of cltromic oxide was necc.ssary to achieve Ihe .same 
degree of pu.ssivalioii. 

MeUillic coalings, generally of zinc. Lave been used with satisfactory results to provide 
suctificiol protection to steel reinforcement under normal conditions ofatniosplicnc corrosion, but 
in the presence of chlorides, the zinc .suffers incrca'lcd attack” Although repons on the ability 
of galvanized zinc coatings to protect steel .sgamsi rhionde corrosion .src conllicimg, Ihe cmi- 
.sensus of opinion is that it condiuons :irc siilticienlly severe for the steel to lx; eorT(Hk:<l, (he zinc 
will r.'ipidly be cimstmusi .saiTificially, ami delcrioration of (lie cmiaele will mily be delayed. Hut 
It will not be prevented 

5.1.2.5. Work carried <miI by (.TCtJHI, KaralkudI' Thcp;is.smly of zinc infl (WN NaOH 
cldondc system ha.s been invc.stigatcd by diffcri'nl clccInH'hetniial ledmiqiies, sm h as, pi;ak 
pole.nli:il li;ctinu)iie, polenlioslalic leclinit|in'. ami galvanostr.lic Icelinnpte'* It Ills been aincliuicd 
(lull zinc Is passive in D.tklN NaOli .si'iluliisi.s iHily upto a cooccniraiioii of 2(X)p|>in of dilorideuiul 
zinc has the lowest (utcrable limit. It was also found (Itui uiklcr aggressive marine conditlon.s. tlic 
concentration of chloride ions inside concrete surrounding the steel reinforcement U quite 
con.sidcniMe and bcncc the passivity of zinc may be destroyed quickly. Once the passivity Is broken, 
(lie galvanic ellcci accelcratc-s the dissolution ol zinc. It is seen Ironi tlic cost evaluation of CPil'Rl 
dial co.st ol zinc; coating is cheaper wlicn compared lo epoxy coating, but it is costlier Hum inhibited 
cernciil slurry coaling developi’d by f.T.CRP’. 

5.1..3. ^<ln•nH•(alllc cnaling; 1 Jarllcr researchers eviiluatc*d a few non tneuillic coatings and 
suggested dial an epoxy coal lai type of coating uiiild he coti.sidered as a protective coating lor 
leinfoicing sleeP*'^'. A .study was uiidcilakcn lo ascertain dm feasiliilily of using organic coaliiigK, 
especially epoxies, to protect steel reinforcing bars embedded in concrete of bridge decks from rapid 
com>sion**. 47 dincrent coatings were evaluated, of which 36 were epoxy coatings. Bodi powdei 
and liquid epoxy systems have been studied. Different tests, such as, chemical rc.sislaiice, filui 
integrity, physical ic.sts. electrochemical mcasuremcnis and bond strength tests were curried out tin 
die coiiied sleet specimen f-rom diesc tests, it has been concluded that properly formulated and 
properly applieil piiw'iler epoxy coalings should adequately protect the steel reinforcement of 
concrete bridge decks from rapid eotroMou. It lias been repoilnl that die powder epoxies luive Ix'-ltcr 
overall properties as bunier coalings for reinforcing bars deui Ihe tested liquid iqKixitis 
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lU>ih powder and liquid mitcd rctnlurcing bars, wiUi film ihickne-sses below 10 mils have 
acccpCihle boinl MrengilLH in coiuTeie il Itiv been slated Hut polyvinyl cliloriilccoati’d h:in dionid 
nol be used as reinforcenienl m coneietc bridge deeks, liecause liicy do uni develop aeccptahic 
bond KUeiiglJi 111 conueie 

Steel speeinien with X kiiuLs ol'epoxy rcsiu (S of ptiwdei type and 5 of liquid ly|H;)axil]ngs 
in iliu kues.s of Xli, 1 SO and 2S0 pjii luve Ixaai subjected to accelerated corrosion icsis"^I’lecnicked 
coiKTcU- spsTinieti uilli epoxy cixiled reinforting steel ueie subjected to cyclic enviruunenlal tests 
loi 160 itays in die lalNiralory. l*oi field tests, die lest specimen were exposed to marine 
environinents. I 'loin diisstudy, it liuslieenctNicIwled dul |x)s\(kt epoxy gives Uie best piotection. 
Il lias been rc|H>rled dial for cflcciivc protection, a coaling thickness of ISO pm or greater is 
requited. Bui for gocxl bond to concadc, the diicknc.ss is to he prcicrably less than ISO pm. I IciKc. 
till' coaling liiiikness of ISO pm lets Ik-cii considered :ts opiinium Uuckncs.s. It has ul.so been 
concluded that die liquid type tir qvixy coaling is iiiX .■suii.>factory in its (iiotectivc perfonnance ui 
foi Ixiiid tocmiciete. 

A delaileil study on the liMig-leiiii conosion lesislance of epoxy coated leinfoicing bins 
coinpuied with plain unujuteil and gulvuiii/ed lurs lias been presented*^, llirecdifrcrcni tliicknc.As 
ol epoxy coalings varying troin 100 to 5<K))un weicuseilin this study The tests were canied imii 
oil cenUally leinfoiccd concrete pri.sms with variable cover and pre-formed cracks of maxuiium 
width oft). 10 to 0 2Smm Tlie specimen uiidei stress were subjected to ucceleruicd conosion tc.sLs 
.tnd m.uine c .posurc tests in a tidal zone upin two years. Itohi the test results, it ha.s been concluded 
dial the uncoaicJ bur sliowcd extensive c<irn.>sion even with acover ol 70mm. Ihe galvanized bars 
have also shown signs of corrosion with 40 to 70mm cover. But die epoxy coated bars with 200 
to .5tM) pni thickness remained unallcclcd and retained ;ill the origuial propcrucs ol die coating es en 
with as small a cover as 20 mm. It h;is been a'ported that although gidvanized bars wea* superior 
to die unlrcated bars alter 2 years exposure tc.sts. the galvanizing did not provide complete 
proiection agaiitsi pilling II Ittsalsti bexn coneludeil Ikil with a cixiling Ituckiu'-ss ol 200 pm, epoxy 
coaling piolecteil the bat suhstr.Uc well against clilonde adaek and comision, aial Ihe film it.scll 
U!iiiaiiied intact. im:spix:tive of depth ol eomax^U; cover II has been xug.ge..steil liul epoxy uuliiig 
lUii pios idc effective protection against cinrosion fiH a long Uiiie e\en wlieuchloiide ions directly 
leacli the ineliil .surface of die hut. 

A dircc ycaj corrosion jirojctl on “Pioteclivc syslems liii new pie.sucs.sed and subsiniciiue 
concrete” hu.s been curried out in order in study die corn ision rcsi.Munce pri'iicity of the epoxy- 
cixiied h;ijs m precast bndge decks’' lids Uis been done by iwo laNiraiory studies, which included 
a 4X week cyelu: wci and dry s:ilt water exposure an<l year-long study wiUi cyclic salt water 
exposure on full size concrete specimen. 

From this study, il lias been concluded dial l u.sioii iHMided e|H)xy-uxiied Ixirs were eorrosion 
free at all w aicr-ccmcnt ratios and all clciu covets Tlie.se icsulls sliowcd dwi wlieii mtiiutium clear 
cover is allowed, die epoxy coaled steel providc.s fot a conosion resist.inl reiiiloreing matsTial 
However. ba.sed upon chloride ingress cliaracterislics into concrete luid die. |H>.s.Mbilily ot 
inipcrlccUons in the coaling.s. il lias been recommeiidcd dial water-ceineiii ratio ol ctMicreic should 
be 0 44 or lcs.s to lurdier reduce the ri.sk factor. It has been suggested that the use ol the effective 
concrete sealers c;oi provide significant additional corrosion protection for members conuiiiimg 
coaled steels 
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5. IJ. 1. J SCK recommenHdllons: Rccommcndalions lor design and consmiction ol concrete 
siniciurcs using cpoxy-coatcdrcinloreing sled bars have been ifa-jwn by Japan Society of Civil 
Hngineers (JSCli)‘*. ITie mam comments are as follows 

(at llnlldny 

nxiKlence of iKiliiLayH in a coaled bar reduces ils conosiou resistance and the nutnbei of sudi 
ilciecls can be used as a criU;rion for tlic siiiuibitily of ciraled bars for use. Iliougli, it is desirable 
Dull the nniiihcr of such defecLs to he zero, it is rccoirunended Dial Die number of holidays per 
ineire of a bar sluDI not exceed S for DI9 or .small bars and 8 for 1322 or larger bars, when tested 
wiUi a lOOOV D.C. holiday detector. 

(b) Hundllng, Stura)(v and Traiispurtlii|> of Coated Dar tit the riace of Miinufiirture 

Since the coating can be easily damaged by sharp edgc.\ elc. can-, shall be exerci.si:d when 
Inmsporiing and slonng coaled bars Damage is likely to occur to the coating if coiilcd bats lire 
slacked on more than 6 lies. 

Since the coming of the coated bars deteriorates when they arc exposed to the ultraviolet 
rays, they should not be stored in a ItKalion where Die sunshine tidls directly upon Diem II Die 
coaong dcichoraic.s due to the direct sun shine, in many ca.se.s the hemkibilily and the impact 
rtwistance will be redticcd. 

(c| Kvinforcement Work 

('oated bars arc subject to coaling damage caused by contact wiDi other bars during 
umspoituUon. impact during unloading abrasion of wire ropes, extreme bending dcibrmation. etc. 
I'o prevent Die coaled bars from such damages. Die bars .shall be securely bound logeDicr using 
a butler material and it is desirable Diat Die bent bars be supplied wiDi a canv;i$ cover, etc. so 
as to prevent the coating ol the bars Itom being damaged due to Die contact wiDi Die oDier bars. 
When loading and unloading coated bars, it is pretiTablc to lilt diem using nylon sling, at either 
two or Dirrc points to avoid extreme bendmg dctbrmation II damage occurs to the ixialmg during 
lr.insporl.i(iori. ii niiisi bi- rcpairaJ before ni.snng occurs. 

It is prcfeiulijetoMCae Die coated irais on huffa inalerial placed at suitable intervals, iiisteail 
of placing Diem directly oi| Die ground, to avoid damaging Die coaUiig and to supply Dicm wiDi 
a canvas cover to avoid exposure to direct sunlight It Ls not dc.sirablc to store coated burs by piling 
ilKnti on lopofiNaiaindlMT If dicy arv lo he stored by piling, biillcrmaicnals, such as, wotxl, nihher, 
jule sai:k, etc sliouM he u-xed lo stearate the Liycrv I lowever, tlic numbiT of layers allowciJ shall 
Ik* limited lo a maxiinum of five, even for large diiuncler liars. 

(d) Cuttiti)> and Bending <if Coaled Bars 

Care must be Liken not lo damage Die coaDng when culling and bending coaled liars. I-oi 
Dlls reason, at Die point of drive roll and back-up barrel of Die bending machine, use of urcDuuic 
riiller, luied wiili niatenal Dial will not damage Die cotiung. is recommended. The couung of coated 
liars wiU tcswlcracking during baiding aKwe a icmpexaiurc ol The propcriicsol coated bar. 
will not change up to alKMit 200^ coiiMdcriug die maimracturing procc.sK. Tlicrefoic. it wh.s 
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ik'icmitnod ihai llw ciitiing aiwl K-nding are. in princtple, lo be fKTl<ifTnc<J al an .-unbicnt icmpi'nuiia’ 
ot mote Ilian 5'^(' It ilicciilliiig aiiil lictuling iiia<ahc perfonncdalaiiambienl lempcraliin.'of I»a 
lluui S t', It IS (l(-.Kir:ihlL‘ lo take iiicaMircx lo r;iiM: (lie tcinpcnilurc of (lie coaled bar. .Since coaled 
bars arc coaled aDei bla.sliiig slccl banv any damaged portion of (lie coaling tends lo (u.sl. i'ur (his 
leiLsoii, i( is Miggesled dial die damaged (lortion be repaired by coating before rusting occurs. 

(el Assembly of Conteil liars 

As die coating of (he coated bar is susceptible to damage from impacts, when the bars arc 
dragged or droppwi. they may sustain damage that reaches the base metal WiKm being assembled, 
coaled bars sh.all he handled with care I or the ties ol ihc coated bars, use ol annealed wire with 
diaiiu'.ler ol larger iluiii 0 Oinin with vinyl insiiUilion is reeoiiiincniled When vinyl covered iron 
wire IS used, solid assembly of coaled Ivus may become dii ncull lo acliieve, due lo (he slippery 
sinfacc of die coaling, i-oi diisreiLsoii, it is suggested dial Ihc bars lie ded iii uaossor at a large 
mimlier of places In die ca.se Ihal ihe bars will be exposed to direct sun shine for more lhati 5 
to 6 months after assembly, die bending workability of the coating may be reduced. When 
perfonning rcberiding. etc. die bars shall be lAspecied for damage to (he coating near dk* bending 
location and repairs should be earned out 

(D fleiterul I’rovlsions 

.Since Ihc rebars arc cpoxy-coaicd lo proieci them from corrosion, it is necessai y dial die 
placing of Concrete be performed with uitcndon paid to preveni die coating from being damaged. 
('oncTCtc shiHild be placed and dioroughly consolidated so as not to reduce die Imiid strengdi of 
the coated rch.irs. 1 or this reason, the use ol an internal vibrator coaled widi urethane is 
ixroinmended 

(j;) (’onstriirllftn Joint 

It mortar or concrete ha.s adhered to the coated bars at die construction joint, it sliall be 
removed by water jcis or wiping it with wasic rags before it hardens, care is being taken nol lo 
iL-iinage die coaling Sand blasting or wire hmshes should noi be used to ciciu a very burdened 
motlur Ol coiicicic udlicred lo (he eoaled bars 

5.1.3.2. Findings of FHWA: Federal Highway Adiiimtslruiioii has .studied die corrosKvn 
perl«»nnancc of epoxy coated a'inforcing slcel*^’”. Results of die leinliHceil lieaiiis.siutlies (Partial 
immersiou ol over KX) beam coniaining rebars with the coaling in various condiiioiLs, in saluriued 
Nan .soliiiKui) imiiaied m early 1974 showed lUOper ceni ol the bbek steel reinforced .slalis were 
cracked at die end of 34 iiioiiilis hut only 49 per ccni and 5 per cent were ob.scrvcd in cracked 
condidon at die end of HO iiitiiidis in epoxy eoaled (not to specs) and epoxy coaled (meets specs) 
slulis lespecdvcly. nicu>ii(i.sioii cunenis in die various specimen were non dc-structivcly measured 
using die 3 eletUode linear polan.vilion device. It has hcin reponed that the average corrosion current 
in black steel, epoxy eoaled (not u> specs) and epoxy ciKited (meets specs) were 399,32.4 and 13 
HA fc.spccljvely. 

Ihe above study i^ipUes to the silu.iilon in whicli all die leinfoiciiig sleel is cpoxy-ccviied or 
die case when cpoxy-cmiU'd re-inlorang .steel isclccuically isolaled from any black .sre-cl in close 
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pfoximily. I jariicx, msults •iiowcd a poicniiaJ piv^blcm may exist when damaged epoxy-coaied rehars 
in clil<*ndc-t oniaminaic4 concrete iire electrically coupled to large <|iuin(i(ies of black steel in 
chlondc-tree tonacte. In tins ciise. a macni-cormsjon cell widi a large (^iImhIc (bhick steel) could 
devckip aiKl drive coirosion nipidly at ifcanaged areas; wlicruas, for tlm cases of all bars epoxy aialcd 
or electncally isolated epoxy-coaied bars, both the anode and die caduKle must be sel-np on the 
(L-unaged aa'a, and bccaiLscof llieeadiixic surface area Is small, die rale i 'conosion will be low 

It has lieen staled dial concrete structures cunsiructcd in salt cnvironmenLs using epoxy- 
coated rebirurcliig slcei have many times more resistant to corrosion -induced concrete damage than 
those consinictcd with unccatcd rebar and conventional concrete, cventhough the epoxy coated 
rebar did not meet cither the holiday requirement or the bent lest as spcctricd by AASl fl't) M284 
or AS I'M U3963. It has been reported dial epoxy-coated reinforcing steel apears to be cUeai vc 
because its use increases the electrical resistance between the macro anode and macro cathode. 
Als<>. when all the rebar is epoxy coaled, macTo-catlwxlic polansaiion octmrs due to tlic inability 
of the small cadiodic areas to reduce signdicant oxygen, liinher minimi/ing die corrosion rate, .n 
bare meas in the stdty coiicreie. 

I1ic cflccl of bluck/epoxy bat coupling has been examined by an ouldiKir slab study. Ilic 
resiilLs mdicaied duu eloctncal eoupimg uf epoxy-coaied lo|) mat lnais widi black steel IxHIiiui muLs 
can induce acceleiuled corrmion. But it appears to be a practical amccni only when the total visibly 
bare area exceeds 0.24 pet cent, 'fhe best .sHuuUon recommended Is one in winch all the bars arc 
epoxy coated or the coated hors arc elcctncally isolated from othcrmctal in the stniciurv Hut. even 
when non-.spccdicalion qioxy ctnitcd bars in salty concrete wen* all clix ineally coupled to large 
atnoiint.s of nncoaled steel in sail-free coiicreic, total metal coiLsiuned was noi more than I /12 that 
lor die siliiaiioTi of all uncoalcd bars. 

'Ilie pcrfonnancc of cidicr pmieciive system, non-spccdicaoon cpoxy-coaied rciniorcing 
steel or colduin nitrile were comparcd at a chloride content ol about d kg/m’. It has been concluded 
dial calcium nitnic provides a level ol proicclioii close-st to dial provided by coaling only die lop 
mat rebar. Calcium mtriic appears to he ellcciivc pnmanly because it doc* not allow a large 
electneal poleniial dillcrencc lo develop between arras of sled, wtiidi, wilhoul die nilnle, would 
be highly anodic and ivilhodic In c.rch other 

5. t’rrfnrmanrv reports on epoxy coating. IXilaoii lialf cell {Xileiitial leadings on cfsixy 
coated and galvanised rcbor bridge decks over a ten year pcruxl has been collected'". An incica.se 
of corrosion ucdviiy tixs been recorded over a ten year period, as presented in the cuinuialivc 
frequency plots of the hal Rcll potcnUals in hodi the cpcixy rebar and gal vaiil/cd rebar bridge decks. 
It lias been concluded dun it Is not known whcdier these iiicrea-ses in poicnUiil are real and whedier 
corrosion is actually occurring in die epoxy rebars. 

It has been repi.irtcd dial epoxy coated reinforcing steel embedded in concrete in Morida 
hndge. USA, has experienced severe torrosioii” Ibe died ol cnvininmcnlal rhcmistry and 
electrode, potential on coaling disbondmcnl li.as been invesligaled by l.ahoralory exposiiics inuler 
potcnliosi.alic comlilinas 

Corrosion bctuiviour of epoxy coated reinforcing stc%*l in concrete exposed to a simulated 
marine cnviromncni has been studied”, Ibc invcsdgauon wassciio determine the cireciordillcrcnt 
.surlacc and mechanical conditonson the comwion hcliavkiurof rcinlorring sled; namely, llied*:grrc 
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1)1 hoiidiiig, epoxy duiiiugc stiifacc eiHKlidons of llic steel, presence ot cracks in concrete und ibe 
inanunjctiuiiig scipienoes. In Ibis investigatiiw, (be experimental techniques, such as. clcctrocbetntcal 
iiiipctlance, open-cucuil potential monitoring and direct examination otter exposure have been ased. 
I rom this study, it has been concluded that the epoxy coated rebars c;m develop active corrosion 
condilons beg inning at limes comparable to those experienced in bare rebar It has been reported 
that alter 3iX) days of exposure, the corrosion rate in bcni epoxy aviicd siccd appeared U) he an onto 
ot magnitude lower than bare bent steel Fabncatioii and bending rcsiilLs in lossol'aiUicrenee of 
ihc epoxy ;uid commion was observed lu (lie irKulliiig deboiided area. It has also lieen lepurted lhal 
cnicktiig of (tie concrete cover afipeais (o accelciule the uiitialioii of active coaosiuri, but this is 
not yet enough as to its long term cfTccl on the corrosion of epoxy coated bars. 

5.1.3.4. Mnding of ItRI-:: 'Ihcpcrtcxmancc effusion bonded epoxy coated steel rctnforcanent 
and ns porcnluil durability liavc biu;n assessed in a luiiiral cxpoMirc trial carried out by the Building 
Rcseardi rslablishtncnl (BRI*.)’’. r<xu.7cte spccinic7i, swell as, prisms aiul slabs wiUi epoxy coated 
specimen were cast in Iwo ihllenrnl mixes umlaining diflerenl amount of chlorides After five ycjirs 
almosplicrii: expoenne a c<Miq)reliuii.sive cxamiiialioii of all of (lie sani|)toi was uiklcrtakcn by visual 
and cicciniclicmical iiicUkxIs 

It lias been reported that small nodules of brown corrosion product were found on epoxy- 
coated bars embedded m concrete. Un removal, a pit containing brown cormsion product was also 
found. When removing epoxy-coated rcinlorcemciu from the specimen, it was found that it 
dehondcil Inmi llic Mirtoundmg cxiiH-nrlr. readily and clearly Ibis sugge-sts lliat (he epoxy-c'oncieic 
adhesion bond is weaker than lhal belwixm Ihc meUl surfaces and concrele Didccts in (Ik; epoxy 
ctxUiiig ol (he txrnl hats were o))serv(xJ in the slabs: with (his remtoreiaiieni In eJikride coniamiieiled 
comTcle exiensivc iinderlilm corroMon atoinal Itxi bends gave hliwk comision posliKis Some small 
nodules were also found al an eiuly slage of pilling of remfonxmenl emhtalded in Ihc cliloiiile 
aiiilamiiiatcd couacte 

Tlic potential monitoring study indicated that coated bars showed more negative potential 
values. Ibis could be token to indicate more severe corrosion. I lowever, post exposure examination 
of the bars indicated that they arc essentially in good condition, with corrosum limited to isokitcd 
piiimg attack and some underTilm atitek. 

It li.'Ls been concluded dial epoxy ciKiliiig of sicel provi(le.s n .sigiiificiuil icducliiMi lu (lie ntle 
of deterioration of reinforced concrete, altliough in concretes containing die liiglu.*si level (3.9 per 
cent chloride ions by weight of cement) undetrdm corrosion spreads from daiiiuged arcus. 

Bond slrcnj’di tesls on epoxy-coaled bars have been reported'*. Tliesc indicaied dial cold 
workisl bms coiilonniiig in B.S; 4461 widi a.sjiital im screw rib (utlcrti will give uiuicceplably low 
Ixiiid suengdis. Hulrollcrlbars widiaChcvnxiribpallcrn.satislicd die binidsiiengdi requirement 
of B.S. 4449. h liixs been slated dial care must lie exerei.sed when cpoxy-coaicd reinforcement is 
used in structural applicadons. 

5.U.5. \N ork canit'd out by CF.CRI: romparaiivepcrfoniumoe of powtkr epoxy coalings 
(banter type) and inhibited ccmeni sluiry coaling ({>a.ssive lyiic) systems have been evaiualed a.s 
pet ASTM SkuKluids^. It wu.s found dul difTereiil powder cfaixy roniiulation.s gave proleclion to 
ddlerent extents. However, most of the epoxy powder systems were found to have p«X)r .alkali 
resistance, which is very important from the point of view of ilicir use in concrete slmciurcs. 
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Ctalvantc Eunent uica.sureincnl& in OH-C'I system showed (hat in the olsc of any defecLs in the 
coatinf! more f;alvanic conosioa is likely to lake place in powder epoxy systems compared to ctmieni 
slurry system. 'Ihe perfivmance of epoxy coating lo steel has been examined using tmpn;s.scd vvdbigc 
test as per AS'l'M A77VA775 Apotcnliaiol 2V was impixvssed in between the coated rod.s 

for a period ol W) minutes After the test period, undcTcuitings and rwt products were observed on 
xotne of the epoxy coaled bars. It lues been uintiudtsi Uutl .some of Die epoxy acting systtmis fails 
in the itnprcsscil voltage lest specified in ASTM A775/A775 M-84* 

Iliough, Ihe powder epoxy coating offer considerable corrosion protection to steel rebars, 
there are several limiiatioas associated with their applications”. As the coating is a factory pnKcss 
and Involves high temperature, (he process control bccome.s vital and extra co.sLs arise due to 
tran.spi)riailon to factory and lo site, power, equipment, etc. Handling the cixitcd rebars also 
becomes crucial and has to be monitored. In the context of pnee structure in the USA. the epoxy 
coated bars cost about 50 per cent more than of the raw steeJ’*. In IndLi, it may be double. 

5.1.4. Cement l>u.scd euatlng. Since (he steel reinforcement embedded in concrete is 
Kurrounded by un alkaline medium a coating ba.s6d on cement is expected to he more compatible. 
Cement coaung is a passivating type of coating :md hence may have higher tolerance lowiuds 
delects. Uccausc of the surrounding concrete, which is again alkaline, gidvanic effect ts likely to 
be less prunoimccd. 

It ims been rcEommeiidcd dial a priming coat of pure pordand cement slurry over die 
rcmfoicemeni may be given inuncdiaicly followed by the concrete’'''^. lliLs method, if curried out 
|)i operly, will aeale u continuous cement skin which may do much to protect reinforcement from 
airrosion without uffcciing the ccmcni-(o-steci bond. It ba.s been reponed that this method will 
not interfere with the physical properties of concrete. 

Various pussivadiig ticubiietit for rciiifiirciiig steel have liecu suggesled, sudi as, picking in 
hydrodiloric acid followed by treamienl widi phosphoric acid"' and tieutmcnl with a bydroiy.sable 
.silicate or byiliulcd silica'^. Simple preliminary coating of steel with a den.se mortar is rccomiiiended 
to counteract add fumes'”. The applicadon ol coatings of cement containing palms with water 
prootlng admixtures'''* or of slurries of lime and cement with ca.scin or bone glue ha.s also been 
recommended as an anlicorrosivc measure'” '**. 

nitmncii piiinls were said to prouicl rciTifoiceiiiciil from calcium chloride in ciuicrclc, but 
some paiiiEs of diis type (ircvenl the fonnaliuii of iHind between the steel and concrete^'. 
Couihiiiadons of inhibiting agents in cciiient slurries were also proposed, iiodihly sodium 
ilichnxnalc^, si xhiun carbiaiale, sodium jihosplialc'''', .wxlium hen/oale^^' and also hiriuiri chnimate^ 
But all these meduxls do ihK U|Tpear to have made much licadway eithei becaase of died doulMful 
field performance or of their adverse effect on bonding. 

5.1.4.1. Work carrlwi out by CF.CRI: From die point of view of ccmioiny and efficiency, 
Central Electioelicmical Research IicsdUite, Karalkudi, India, has developed u coating ba.scd on 
IHirdund cement slurry admixed with cnausion inliibitors^’. The coaling Is made impermeable to 
salts by a scaling ueounenL ’llie various properdes of this newly developed coating, viz., bonding 
su'engih, corrosion resistance, behaviour under load. etc. have been reported’*. 

* Recently, the Bureau of Indian Sundarda (BIS) hu puhlbbcd I.S.: 13620* 1993 on Fusion Bonded F.poxy 
C'oaicd Reinlorcing Bars - SpecitVcatinn. 
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llif suciiptli bciwecn the itiliihiicd ccnurni blurry coaled reinlorccmcnt and conavic 

wa.s tcMcd by condutliiig standard pull iHii tesu in a 30 lonnc Avery tcjsiing machine. It has been 
concluded Uial the cuuling does not adversely allcci the bonding. 

I he co;tted rebars wea* subjected to scunkird sail spr.iy test, imiiicision Ut.sLs. field exposure 
stiidK'S :in«l sieani oinng (esl It lia.s been ri'portal ilial iliis mhibitiny and scaled jKnthuul ecuicnl 
cojuinj: IS able tooller very salisractory pioleeiioii to steel leiiiforccmciU 

Hie poleiilial-lune Ivluviout of tlie cement coaled rebar was compared willi unciatcd rebar 
in 3 5 per cent NaCI .solution for a period of 30 days. ITic siirlacc condition was also examined 
by visual observation study. It lias been observed Uiat the inhibited cement slurry coating keeps 
the .Steel nobler by more than 100 mV Vwiial observalions showed that becuu.se oi litc high 
idkalinily de\elope<l by the inhibiloi admixture and because of tltc imperviou.sncs.s impaned by llic 
M uling u ciitiueiit, die steel inaiiiUuned iLs pa.ssive condition even in die presence of 3.3 per cent 
of NaC’l solution. 

The tolerable limit fv»r chloride in (I.04N NaOll incdium was .studied by bodi anodic 
polarisation lecbnique and peak potential leclimquc (I ig 5 li fhese snidics showed that ihr 
niicoatcd steel rebars luive a low toler.ibic limit, wlwreas, the inhibited cement slurry coated rebars 
have toleniled more than I0,(KM) ppm of ebloride in 0 04N’ NuOil solution 

Inhibited cement sluriv lues Ivcii evaluated using inecruckeJ cundicver model slab (cchiliquc. 
It liiLs been leiHirted that die iiiliibiled ccineni slurry coating is aide to inciea.se die Juiability by 
a factor of 2.3 to .3.3 even under dds cracked model slab studies with a crack width of 0.3 mm. 
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CoiKrcie cubes with sled specimen were simultaneously subjccicd to alienuiie wclbiij! and 
drying tests under uncracked conditions at the corrosion testint; station. Mandupom Camp. 
I'umilnudu. one of the most corrosive locations in the world. 'I'hcsc- studies showed a corrosion 
rate ol 0.271 mmpy lor uncuatvd specimen against O.OfVJ mnipy for inhibited cement slurry coated 
specimen leading to a dunihilny factor around 68 Thus, the durability factor Is higher under 
uncraclu'd ciHidilion compared io cnckeil condition. 

f'onipuradvc perfoniuiiice of |Htwdcr epoxy coatings (burrir-r type) and inhibited cement 
sliiiry coating (passive type) systems have been evaluated as pet AS! M standards^ rentctil .shiny 
coating wa.s found to have adequau: chemical resistance against alkali, chhaide and distilled water. 
Galvanic current measurements in OH-CI system has been showed that in ease of any defects in 
the coating, more galvanic corrosion is likely to take place m powder epoxy systems compared to 
cement slurry .systems (Hg. 3.2). It has been concluded that the passivating cement slurry system 
appears to be prclenibic over powder epoxy system for specific use m concrete medium. ITiis Is 
paruciilarly so. considenng that tlic CECKI treatment is intended to be used m;unly to protect the 
Ktrs irorn corroMon till llicir einhedmeni in concrete. Once the bars are in ihe pas.sivc concrete 
inedtum. die htirsaa* pixHeded by Ur- qiKiliiy and impermeability of properly compacted eoncietc, 
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5 Jl. Coaling fo Prestrt?Kli^ Steel 

Corrosion rcsv^ancc and bonding properties of two types ol coatin)^ have been investigated'. 
Cement slurry and coal tar ntodilird epoxy (XP 3430 CIB A-GHIGY) were applied on dJifcrcni 
types of prestressing xlcel.s lYc and post-lensioned hcaim and atnervic prisms txaiuiining dilYereni 
types of high-strcngUi wiros aial unicrcte qtialittes were prepared amt siihjccied lo the atUick of 
high peroentage of caltumn chloride (CaCl^) or a corrosive environmcnl ermlaining mainly siilfur- 
tlioxide (.SOj) 

It has been concluded from this study that the protective coalings having desirable 
.inticorrosive qualities, might in cenain ctreumstances aflcct the- bonding strength ol die prestressing 
slntnUs to the concrete It has been reported (hat the ectiieni .slurry provides an excclleni bonding 
nuvjium for siraighl wins. It has also ht^cn urported Uutl cement sliiny provides a gtaal protective 
layei for die steel. In the |HKl-(etLsitsied system it lias Iweii concluded that Fe.sin couliug provides 
u gfaxi prolecliou against coirosiou. 

Recent upftlicaliiii IS andmaiii propetticsoimicwly developed epoxy coaled seven-wire strand 
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suiliiblc for prc-stresscd concrete in a corrosive cnviioiuncnl has been desuibeJ^ Twi)>>iadesof 
corrosion resistant strands with 30 mil (0.76mm) coating were reported. I ipoxy cixiled strand was 
designed for use with end anchors where bond to concrete was not required. When encased in 
concrete, this strand (Ji.>cs not pull easily through the concrete, but it dne.s not develop enough 
resisuince |4» provide bond between slraiul mid concrete 

Diit tng die production proce.ss of lioiid cuiiUullcd qxrxy coaled steel, giit was diotuiiglily 
einliedded into die outer suiface of the coating, liefore the coadng was subjected to the linal 
ireatineiil, which huidens it. Once the coating lias been liurdened, die grit provides mi excclleiil 
bond between the coaled strand and concrete. 

In the concluding remarks, it has been reported that the seven wire strand for prcstrc.sscd 
concrete covered with this epoxy coating makes it as corrosion resistance as epoxy coated 
reinlorcing brns ITic- coating was thick enough and ductile enough to contnuc to provide lull 
protection, when the strand w.as held at the high tension normally applioit to prc-strc-s-sing strand 
and when die slr.iiid was bent around a relatively sharp nnhiis 

(iaivani/tiig lues been applied to pics(re.s.sing wiie mid slrmid for cunossion piuteclion''*. 
However, /inc on die galvani/ed wire reacts widi die alkali ingredients of (Hirdmid ccinenl mid 
evolves hydrogen. ComparaUve tests lor hydrogen sitscepdbiliiy on hare wire, galvanized wire and 
rcdnivs n gal viuii.scd wire used for preshessed concrcic have been destnbed'. 1 torn ihl.s study, it has 
been concluded that galvanized steel wu-c helps to Inhibit hydrt'gen embrittlement of prcstrciising 
steel. It has also been concluded dial the part of the hydrogen, generated as a result of die rcacuon 
ot /.meon galvanized wire with piinimid cement is absorbed by zinc and doc-snot penetrate into 
the steel. It has been reported lh.it cold working process can cause cracks in the zinc layer ol die 
gali mtized steel and leads to (he direct reaction ol die Kxse metal with the corrosion solution llius, 
hydrogen can enter into the steel laliiui and caiisi.^ hydrogen einhnulciiictil problem 

A dace yem corrosion research project on '■Ihoicctive systems for ,iew prcslressed mid 
subslructiii e concrete'' has been carried out in order to study die corrosion resistance proixiity of 
die epoxy-coated prc>sireiising strands in precast concrete consunciion’'. Itus ha.s been done by two 
laboratory studies which included a 48-week cyclic wet and dry salt water exposure and year-long 
study wiih cyclic salt water exposure on lull-size concrete specimen 

It li;i.s hireii concluded (hat die fiLsioii bonded epoxy coaleil prc.slrc.s.smg. sIraiiiLs docs not 
develop any comisiiwi activity even widi 2.^ an cover Hie epoxy coaled strands produces very 
high internal electricid resislmice due to die ptopcities of die epoxy coaling. It has been suggested 
dial die use of effective concrete surface seulcis cun provide signiricunt uddiltonul coriosioii 
protection lor members containing coated .steels. 

It has been reported dial hiluniinous and metallic paints can be applied to prestressiiig 
teiulons’ 1 hesc coalings are unreliable tor strands hcrausc ol ilx^ diHicuHics irivolvcij m providing 
a imitonn coaling mid subject to dmiiagc during liaiidlmg. It lues been tecoiiuneiidcd dial diey can 
be used only to inhibit die corro.sioii of stored icndoii.s liefore use. 

A (iir-like coaling was initially applied to die tendons in a lloating bridge over seawater in 
USA*^. It has been found dial lhisco.rling ilid not proviik satisfactory protection agmn.s(tonnosuvi. 
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In Canada, the lendoas of the post-tensioned sy stems have been protected by asphalt pixKective 
coatings to prevent corrosion'®. 

The aptdicatiun of phospliate (laiiiLs on the (cudtrns of the prestressed pressure vessel ul 
Diinxcness *‘B” Power Station in Kcrt, United Kinjtdom has been reported". 

Numerous rc.searchers have rcporterl a marked increase in conosion protection provided by 
the concrete cover, by applying a coat of' 'Neat cement slurry’ ’ to the prestressing .steel after stre.ssing 
process and before concrete is placed'^'*’. This technique has been highly recommendc'd In case.s 
where titc environmental conditions require increased corrosion protection. 

It luis been ftnuid tltal out of eleven protection materials evaluated for new prestressed and 
siilrsinrctirre emraete components, cpoxy-crrakKl reinforemg bars and prestressing .strands showed 
no t.t»rTC)ssion, eventhougb they were embedded in concrete with high chloride content'®. 

('orTtwiiMi properties of polymer coated prestressed steel strands have been irivcsliguted in 
die laboratorv using iruptes.sed ctrrrcnt tests". It has been concluded that polymer coated prestie.ssed 
strands have excellent corrosion protective properties. Further research is needed to a.sccrt.iin the 
feasibility of u.se in prestressed construction. 

It bus been repotted that galvanized (or zinc coated) strand was used on the first prestressod 
concrete bridge built in the United .States'*. Kc.search on galavani/cd pa*stn."«ing steel concluded 
iliat a zinc coaling .tppeared to be promising for corrosion protection of prcsirexsing'®. in friiice. 
Investigations have been made on pos.sihle hydrogen cmbnitleineni and incciianical properties ol 
ihc zinc cotited steel*®. A reaction between the zinc cxiating and cement releases hydnigen li lias 
bom reported (luu this undesirable reaction can be inhibited by addition of chromates to the cement 
or by dipping ihe galvanized steel in a cliromate solution"-**. 
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5.3. I'rotectlon of IVeslressInj; S<ed In Post-Tensioned CoiKretc 

5.3.1. Temporary priiterlinn: It has bojn a*|iontxl that good results for temporary corrosion 
ptiKcclion III {Hist-icnsiiming sled can Ire achieved by blowing “Vaptrur lliasc Inhibitor" powder 
iiilii die closed iliicLs, imlil (lie niial eotroiKiuii pniteelioii is applied' *. Similar procedua* has been 
recommended for ca.se.s where curly application of ccineiit ix grout is no( coinpaiibic with the 
cottsiniciion .schedule*. 


Vapniir Phase Inhihitrirs li.svc been used in India leceiiUy for Uie 2nd bridge ucross Thane Creek. 
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, I 

*[«lfKi<been 4 aicd tliat i( is niaiidjilory ioprtHifl Uic prcsircssing skr) »ml ancikmige (in (he 
uiM! of i^ost-lcnsittfinig) ftoni ctittosiun duiing sliipituig, slotugc, liaitdliiig utid pbLiiig’^ ll has Kaat 
liifll/v rcumoii^iMled dial tlic use of wulcr-soluble oils aud a mote durahti* type of parking lor 
tcmiKirary piiMcOuon of piesuesjung steel *. 

, . ''.<>,(• • 

' '<''1^ lltuc^lK'irn suggested that the temporary corrosion protection for steel cun lie taken in the 
iVxm 01'special strand pack wrapping. V.apour Phase Inhibitors (VPI) or a combination of boih'^'. 
A commonly used VPI consists of dtcyclo ammonium nitrite crystals, which sublime to create a 
vapour that minimizes ongoing corrosion by tonning an insoluble Ionic oxide coaling on ihc steel*. 

It has been recommended ihal the Icmporary rorrosittii pniimiion of the tendon should bo 
carriol init at die steel wire milP II lias lx.x*u suggested dial die slraud.s or wires siHHild pass Uirotigh 
a badi of dcw.'ilmng oil immedialcly after the heat treatment and cixiling opi'ralions, so .'i-s to 
remove any surplus cooling water and to fotui a lem[X)rary {truleciive rdm. 

ll luLs liecti found dial temporary protection of cables can he achieved hy spraying soluble 
oil on die huiidlc.s of manufactured cables, whereby, the oil will cover die Steel widi a proicciive 
film"'-'" 


Work Carried out hy CECRI, Karalkudi 

('eiitnil tdeetroeliemicil Research liistitule, Karaikudi, lias done cxiaTimciilsiii die aspect 
of temporary pioteciion of prestressiug .steels". Tlie cfliciaicy of diffcrciil solutions, like, lime 
solution, cement extract, carbonated solution, hydroxide soludon and patented inhibitor solution 
were ciNii|>arcd maug various elcctnxJicmical lcdmique.N, sudi as, anodic polaiisalion lechnique, 
peak potential technique, immersion studies and stress corrosion cracking studies, from these 
studies, it lias been concluded that the prc-sircssing steels am be Icmponirily porlectcd by keeping 
dicm in complete immersion in inhibitor solution etwered by Indian Piticni No \(fns4lbl during 
storage .il sile or while lying in conduit (before grouting). 
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* Ills common practice these days to thread the IfTS cables alter concreting and only immediately prior 
to stressing. The precautions for the storage, thcrclofc. a.ssumc added imponance. On Ihc 2nd Tt'D. 
icmpcraiurc cnntnillcd und humidity controlled storage laciltlies have been used, temperature and 
humidity control it csscniial 10 prevent the water soluble oils applied to the I ffS I torn degenerating or 
becoming unsiahle. 




CORROSION AND CORROSION PROTECTION OF PRESTRESSED 
CONCRETE BRIDGES IN MARINE ENVIRONMENT 


173 


InlemaliorKil de IVt ('imtrainte (Hcriin, 1V5K), I’uhlUhod hy the Ccmaii und Cnncrdi: Associaiion. 
1958, PP..537-47 (m CJcnnan). 

5 “Ci«ny-ioo Pi'ilo lM«of DuliritHlaiTcoilons". HPRc«iniimt>dftU*»w, T1jiiini»aTclfoi\l IPSO, 

pv 

6. KilJcbninO J F., “EvMiuutioiiorCoii'Aiuti iulubiliti);Coiii|xjuti>l5for<bcIV>lix'tii'nuriV:s(rciisin8 
SyMctiis' *. Fiipci f'lwctilcO at the 1975 Intcniatioiiiil Confcrcnoo wt lATlVS, Sept. 8-12,1975. 

7. ' Tentative Rcoommcndalionii for the Cormaino Protcclion of llnbuiKkiJ Tendon*' ‘, Adboc Committee 
of the np Cuimnisviun on PrcslressinM Steel* and Syslcans, PCI Joumiil, Jun-Feb. 1983, p. 44 . 

8 Xenavift*. P..' 'CniTfksioo of keinfnrced and IVcsBeioiedConcfetc Structures' ’, General Repnn, Seminar 
i>n Pile l-oundations. Corrosion, I>claiUng and Ground Anchors, Madras, Sept. 6-9. 1979, p 13& 

9. l2-rK(!t'ofnmillcc. "('omviionofReinforccnicnl in Concrete", Comjsion of Reiiiforveincnrt and 
lYestre-ssing Tendon, A State of Art Report. Materials and Sttvcturcs, RIIJIM, Jan.-Fcb. 1971. 

Ill "Stiiicofihr Art llchavioiir of Concrete imdi-i Sc-i-wateraial in Marine !]nvironmcnt‘’,Si'eci*lR»pf'rr. 
No in, IRC llighw.iy Re.se.irch Hoard. New Delhi. 1989 

11. Vcdaluluhnii R, Rengas waniy N.S. unJ Rulaktuhnun K..' Tentp.ruiy Protection of I’tc»lre&sin|; Slcehi 
Lying in Cable Duets", Trunsactitins of SAEST, Vol.23. Nos. 2-3,1988, pp. 257 fi2 


5.3 J. Protection of cable .sheathin};: It has been TCixirted Uiul llie main ertiLse of eiimisum 
iti iinhtHHltxl (eiHloiis is the pcnetjulion of inoisiuie to Uie tcnUiMt, citlici lluotigh Uic sliealliing aikl 
coatl ng (If ui lire ondionigc*. Con.scqucntly, the .sheathing should bo of u type, which is water tight, 
stixriig and relUtaiit to ahra.si(m or damage during tran.spcirtation, installation and concreting. And 
also. tJic slieutliing should he tiec Erotn pinltolcs and it should be continuous throughout Its length, 
iipio and including lire andun:igc.s. AlUuMigli, variou-S types of .drcatliing have ireen ased in Qic pash 
it ha." been fttninl Ibul plastic )nulenal.H arc tlic most stiilahlc^. 

While PVC and low deasity pttlycUiylenc have been extensively used as slreathing. they .w 
not able to sali.sly all Uic aN)vc conditions compared to higlicr dcnsily niiucnals Ihc use of I 'VC 
IS not rt’ixnnmc.nded because ehionde ions can he relcaMut tinder airtain condilions 

It has been recommended that the plastic maUTial .should be either high density polyethylene 
or polypropylene. Uoth materials ;irc tough, durable and non-rcactivc. I ligh density polyethylene 
i.s more I Icxible. and less liable to cmbntllcmenl at extremely low lanperatinc.s, while polypivipylenc 
is more stable, at high Icmptiraliires Bolh tn.ilcrial.s liave high resi.slancc to abrasion and taeep. 
allhoiigli iNilypropylciiu is slightly superior in these re.spcils. For general appliealions a lliickness 
of 0.7.5 mill to I mm has been recommended so Ural lire lulrc docs nut defonn to die pattenr of 
lire suaird. 

It has lieen stated Urat for temporary aitd pcrmairent androrage.s, eoiiliiiuous-diffusiun 
iinpetmcablc |xil Y|)iupylene ui polyelliylcite sirealhs are .suitable^ Tire mmiiituin wall thickness 
recommended is Inmt. It has been suggested that to re.sLsi degradaiion, plastics can he used with 
curbtNi liLak or ultraviolet iirhilitlots. It Iras Ireerr feptxted Ural heal shrinkable tubing, precoaied wiUi 
a controlled Urlckncss of sealant can be used for shcaUung. 

Il has heenrqxirled Unit light corrugated mclul .slieaUis arc not .suilaliic since Urey arc ea-stly 
perforated by coiimioit. It has been staled Ural any metal ased as a sluaUrtng, has to he com|)alihle 
wttli Uie tendon, .so as riot to induce corrosion poien[jal.s between the different metals. Till a better 
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tna(chal ts tried and tested, tt will be prudent to use VPI treatment to prevent corroMon of such 
CDfTiigaicd metal .slicaihs, the usu:il UiicJcricssof which has been already mcitascd to O.Snun instead 
Ilf iltc eariRT 0.25inm Tlicir stontEC with ends sealed by plastic a»vcts in tempemture and humidity 
controlled slicds is also necessary 

In Netherlands, when button headed wire tendons of a pusl-tcnsioned bi id|>c consisted of 
analnmimum trumpet attached to n steel shcatlis, failures of wires had occurred at the junction of 
Uic aluminnim trumpet and steel duct^. After extensive investigations and research, it has been 
concluded that die failitre.H were ,*is a result of hydrogen emhriltlerncnl. 

It has been reported that corrugated ferrous-metal ducts with galvanizing can be used in 
btmded post-tenstoning systems'. Ducts, such as, cpoxy-coatcd metal or plastic, which resist the 
penetration of chicvrde or water h.ive also been specified on several new bridges. In Guropc, use 
of pla.stic ducts for post*lcn.sioning applicalion.s have apparently been nvioived salisfactonly. 
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53 J. I'rotectinn by (>r<inLs 

FrutvcUiin by Cement Ba-sed Grout 

Many reports indicate that the grout itself can prevent corrosion of the cnca.scd prosue.tsing 
steel eltcctivciy and economically''*. 1 ligh quality, dense and impervious grout made of portJand 
ccmeni can provide lasting corrosion protection for prestressed bridges except in the case of 
extremely corrosive environments’^. The protective mechanism of grout depends mostly on Ihe 
presence of cuniinuous ccmcnl gel TTiis gel provides an alkaline film of liquid to the surtacc 
of prcsircssing siccl, which keeps (he prc-slrcssing steel in “Passive coiulilion’*. 

Oilier cements which may be ^lied to grouting iiKludes slag cefflcni, resin gypsum ccmieni, 
luniiniie cement and combinalions of (he above with portiand cemcol'. Certain additives, such as. 
Chemical Resin AM-9, Calcium Chloride, Silika-4, linibcco, r-errogrouL Imraplast, ilcnotite, 
Flastimcni, Ligna-sol can be used with cement in order to vary its characteristics with changing job 
condiuons. Water soluble chemicals can also be used as addiuvcs in grouts. Carbohydrates con be 
employed to reduce the water-cement ratio and promote workability. In Israel. Metbooel 65 HG 40U0 
.Std ('.ellnlose has been tilili.sed in gmuting work'^. fYotcctive (xillnids, such as, gelatin, agar and 
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unininniuni sieurate can be u^ed Ihickner^ in diicknent in liquid ^rout mixiurt:.s. 

Il luiK been ri'ptirU-d Uuil ibc. tcnicni used in Oic f.roiU -shmild be p<nilafid cement AS I M 
f'lSIi or air eiiirainin^. porlland ccitieiil ASTM (7 I7S ut’mediuiii finenexs'’'^. ft hax been 
recvinmieiKled that in addition to air-enuainin>; a^eoLs, super plastici/ers can be introduced into 
die jiiout'*''’. Die addition of about 0.01 to per cent of coarse aluminium filings improves die 
bond strength and due to expansion, it is likely lo foree out the duet-water which hAS bled from 
die groiit'^-". Bui the aluminium liling react with cement and produces hydrogen gas which might 
cause hydrogen cmbnttlcmcni. And al.so, this gas lowers the compressive strength of the cement 
grout. 


•A.SI'M lias specified dial tlic inunmum ciMiiptcxsive .sticngdi of die giout for 7 and 2X days 
.slioiild tv 15b0 and 2IU0 kg re.specUvety‘^ lii aiggiussive envitimnieiiLs, it lues been rccoiimieiided 
dial iirioi m die ap|)licaliun of dv grout, die ducts should be Hushed out widi a ‘ ‘neat ccmcnl slurry” 
for additional piotectiiHi Iliis provides addidonid hydioxides luid minimi/e the possibility of vokls 
ill the proiccdvc cement gel''-', lorgrouiing larger ducts (more than 12 cm diameter), Ithasbccn 
considered goorl practice to regrout, a few hours alter the lirst operation 

Standard Specincatlom 

It lias been found that many countries have cmphASized die importance of die strict 
specifications luid rigid enforcement ol die spccilicadon.s for grouung*' Ihc I 'rench specilicaUon. 
do iioi peim.Ls die use of high alumina cement in die prcsircssed concrete* Gcmian 1>IN 
spcclficatioiis pennit only the use of pcirilaiid cement of medium linene.ss without any chlonde 
eonieiil for gmut’v In C'leiinany, the use of [losi-leivsioncd siructurul clemeul.s widioul grout i.s not 
|K‘iiuiltcd. The Sw’ts.s code recommends the u.se of additive for grout, which iiicrcAses its 
ilowabilily, reduce bleeding and produces a volumetric expansion*’. Ihc I tench specifications 
lurbid die use of cements and admixtures which contain clilondcs l unhemiore, steel with surface 
defects should rvn be used Ucrlm spcatications recommend complete exclusion of air t mm the divts 
and unmcduitc grouimg alter prestressmg. It pR'senhe-s the miniinuni cement coniem in the gniut 
and loibills the use of i:enieul.s :uid admixliircs eoiilaiunig chlorides. 

Tor protecting the tendons in prestressed concrete pre.ssurc vc.sscis, the pcrfoniiancc of a 
porlland ccmcnl grout has been invesdgaicd by two different types of tesEs*^. In the first lest, the 
specimens after grouting were stressed lo 6() per cent of the U TS while in contact with die 
corrosive solutions ol 0.1M1 l^S, 0.1M NaCI and 0.2M NI ljN<.), and in the .second lest, the grouted 
specimen wcr* first expo.scd to the solution for long times without an applied .strc.ss and were 
siibseqiiendy siraitied to tailiinv frnin Ibis siudy. II b;is htvii conclmkal (hal die porlland ctmienl 
gioiil can prosailecuHiipIcie proicclion lo ilv sieel in die aggic-ssive eiivmiiuntiiLs. pnn-iilcil die gnmi 
reinaiiLs iiitacL 

I’roteetion of Llnbuiided Tendons by (Irease 

A(!l-A.S(’n bos recommended dial unlninded icndoiLs of die pic.stie.ssing .sieci can be 
pcimaiieiidy piotcctcd ugaiasi corrosion by a pioper ap|)lied coaling^. While grease, wax, plasdcs, 

• Inliuli,!. usrof aluniiiiiiuii in.iwilcf in grout wiom vi.iguo2 Ades:,»lM ago Ihi* luw>incc bwiidUo.mlinucd 
a* il i'< known ti> promote conosion. flic s|'ecifieuiioii<> f«r gOMit and llic iiicUtod of execution were not 
codified Tins bus since been done in the latest IRC; 18-1901. 
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hiluiiiuii :inil other ituilerials luvc been used, ii tcaunnieiidH (liul llicpnilec'tivc lompouiHl should 
be in Ihc form of a jireasc which cun usslsi free movenicni of (he lendon dm uig stressing. Vunous 
types of grea.se ore commercially available. However, mast of the greu.NC are not impervious to 
moisture and tcM results have shown tliat aggre«i\T substances can migrate through die grease tuid 
come into contact with the steel, unless the outer covering is completely waicr-prooP. 

l-rom the documentary evidences, it has been suongly recoiuniended that a grea.se can 
provide extended protection to stressed high tensile steel tendons-'^. It ha.s been rL*poricd iluti grca.se 
can be utilized to protect the tendon.s of the nuclear reaaor vessels or naval marine upplicuiioas. 
In Wc.si (iermony, U.K. and U.S.A, peuoleum jelly, cither pure or enriched, with di.s.solvcd 
inhibitors and lithium-based grease have been used for protection of prcsircssing tendons. 

Ilie presircssing tendons at Wylfa Power Station in United Kingdom was protected by u 
grcAse conuiining a propnetnry cisnosion inhibitor*, liighi years alter initiation of con.struction. a 
■siatuiory inspeciKwi ol prestrc-ssing tendons revealed extensive pitung of exposed hoop tendons with 
some pits ;ls ilaip ax 0. mm I ..'iNxHiny sliKlies have concliideil llial pilling w'.is due lo Ihc combined 
acliuii of coTilaiiiinaliiig salt from the .sea and moi.sliia* from the air. 

It has been reported tltat despite the application of heavy grease, a number of tendons 
installed in the bottom cap of the prestxcsscd pressure vessel under construction at Dungeness ‘B’ 
Power Station in Kent, linitcd Kingdom, corroded badly alter approximately nine montlis ol 
unsircs.scd .storage in conduits” It was later found that water had entered die tendon ducts and 
cniulsilied Ihc grea.se protecting (he tendon wires 

In U.K.. Uie post-tettshaied unhmuled U!ndon.s tn a elevated huilding slabovera]iarkiiig area, 
were piu(ec(c*d hy a uiating of corrosion iiihihiliiig grease will) s|>cciully wound kral't lllire iKqier''’. 
It lus been reported that alter 40 days, scmic tendons failed alter strcssuig and additional sporadic 
lailurcs continued to occur at reducing trequencles. Unbonded tendons in die root of u hotel 
structure in U K. was covered by grease and plastic sheath'*’ It has been reported duil two tendons 
have laded in die structure, when one ol the strands projected about Im in the .adjacent room 

PiTlomiaiicc ol two different organic coalings for piulcctiiig the tendons in priTSlrevscd 
coiiciele prc-vxuic vcs.sc1.n lias been invesliguted hy two iype.s of a'sLs**. The two iHgaiiie coatings 
used in dicse tests were commercially avuiluhle pcuolcuin based grease conbdniiig cono.sion 
inhibituts. hi the fust test the specimen aAcr coudng were suessed to OU per cent of die UTS while 
in contact with the corrosive solutioits ofO. IMILS, U. 1M NaCl and ().2M 1^ NO, and in die sexond 

test Ihc coated specimen were llrst exposed to the soluUon for long time widiout applying any stress 
and later, they were subsequendy strained to failure I 'riHn this study, it has bt'cn coticluderJ di.it 
iNilh die oiganie coating inaleriuls provide cotiiplele protection to die steel in die aggressive 
cniviioiiinenl. provided Ua* coaling lenuiiiis iiiiacL 

It has been reported that carbon .sit'd wire.s contained in the lendoas of the preslre.s.scd 
concrete ves.sel coaled, at the lime of inslallulion, with a hygroscopic grease were found to be in 
severely uaroded and broken condiliom when the Uiidons were pulled tor inspeciiotP*. The high 
vi.scosiiy grease was found in some area.s iransl'oimcd into a marertal. constsiing ot heavy weight 
oil, .significanl amount of water and also about 1 per cent by weight ol formic and acetic acids. 
Numerous ivganlsms were detected using lluorcsc-ctn csothiocyanaie staining/cpinouoresccncc 
microbial p\.ipulation were or had been active in the materials of ihe terulon It has hec'n conchided 
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(h.tl biicicrial conunTmalion haJ occurred on the wires during installatioii. Hntry of uii and water 
vapour was possible near the points ol' exit of the wires from tendon. 'Iliesc conditions allowed a 
community ol aerobic and facultatively anaerobic bactcriaormiCTObcs to breakdown the juease 
ronniiig the volatile tirganic acids, carbon-di-oxidc and hydrogen witli a decrease in the oxygen 
level in (Ilf london I Uiice, it has been emphasized that tlic grease .should be stiihle against water 
and oxygen and .should iiol sepamle into soiip and oil It lias been ivcouiiiicndfd dial hydnifibobic 
gicascs uie piefcrable for conosion proleclion of |)re.slres.sii]g lendoiLs^ 

IVolectiiin by Other Malcrbals 

It has been reported that instead ol cement, or epoxy polyester resins can be used as a 
grouting matcnal'V Concrete can be placed around the cable and epoxy resin paste, without the 
use of cable ducts. 'Ilie cables in u 176fi spun pre.sues.sed concrete foot bridge at KaiiJii, wcie 
protected agauist coiTOsioo by enca.sing them with a mixture of bitumen and sand and wrapfiiiig Uiein 
round with bitumen - impregnated paper. 

Work Carried out by CliCKI 

CECRI has identified two inhibitor .systems lot u.sc in concictc grout and evaluated theit 
edicicncy by the following methods. 

I. CtIKKOSION KVALllATION TT.VFN 

(u) rotentiubtimv studies 

l\)ictitiaLs were inoniiotvd lox 35 days by adding 2 to 4 per cent chktnde for both tlw inliibitot 
systems IIninhibited cementgnioi .sJiowrd comparatiwly more nogalivc poicniiaJ t]i;ui the inhihiicd 
cement groiil T his showed that (he sy.slenis ctxild cMectively passivate (lie sleel 

(b) Anodic Polarization Technique 

In Ibis Icciniupje, spi'cimcii ol i:ylindncal size with centrally embedded and presucssing 
W'ircs wen: iisial lor evaluating (lie inhibiUon efficiency Specimen were kepi immcried in various 
alkalinJilondc soliilion.s and subjcdeil (oa conslani current of 290 p A/cin* fiw five minutes. In tins 
Icchniqiie inliibiled cemeni gnml li:is tolerated iipio 14 pt;r ce.nl chlunde, whereas, uninhibiled 
c'cineiK gioiil lolenilcilorily iqMo 3per eciil cliloriile”. 

(c) (Iruviinctrk tiK-th<x] 

By adding 2-4 per cent chloride with inhibited cemcni grout, the giuvtmciiic weiglil loss 
was measured alter 30 days. Both systems bad 100 per cent inhibition clliciency, wherca.s, 
uninhibited cement grout had corrosion rate ranging Irom 0.0175 to 0.0365 mmpy. 

II. COMPKbXSIVi: ANI)TI=;N.SII.F,.s rKKN(;TH TF.STS 

Clumge in comprc.sstvc and tensile strcngili due to the addition ol inhibiu>r was evaluated as 
per ASTM Standard” '*. UbLiincd sutngths were compared with resin greniis as specified in AJi I'M 
Siandanfs for both mhihiiorsysieins” 
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Ii tuiii been concluded dial the coinpn»;sive and tensile strengihs ofboih die systems were 
almost equal when compared to the resin grouts. 
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5-3.4. Anchiim^ protection: Tiie [uiKta'x.siiig aiisJitini^c Ls iiumially cmlxtdilcil in aHicTUtc, 
nt such :i depth lluit Ihu cniiautc pmvitlcs udequuh: corrosion ptutcctiun'. Al (lie sdessing end of 
Ihc l(‘iidoii lliis is usually achieved by means of a local pocket, which is nilcd with mortar allcr 
the tendon ha.s liccn .slies.vcd and trimmed to length. Test have shown that the anchored end ol'u 
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(ciid(H) Bi ihetiRBit vulncniblc locaiion foroomvaon attack, especially as the uiterstices between wws 
or the wires farming a strand tcnd<*n, torm capillaries which aJInw inoisiun: hi gam assess in the 
most highly stressed parts of die taidon. It has also been shown Ucii die scaling die sl/cssing piicket 
widi mortar dixw inH always coiiiplelcly seal die anclmtagc and capillaries are sometimes Icfl Ixrcaase 
oliinperltTl bniid 

I Icncc, it has been recommended that the exposed end ot the tendon and the gripping pan 
of ilie anchorage must be completely scaled against moisture. Two methods have been reported. 
U1 Ilie exposed portion of the tendon and gapping of the anchorage should be coated with some 
niaichol. which will give permanent protection against die eniry ol the nioisUire l.ptixy-resin 
compound lias been recommended as suitable compound lor this piirpc'se. (ii) Hie vulnerable pans 
of the anchorage may be coated wnli the same corrosion pnaeciiw mahnals which are bmtig used 
cisew’herc on the tendon In this case, it tuis been suggesieil dial a specially iiumIi! covering of rigid 
melal or plaslie should he fixed to the end of die anchorage so as lo ciniipletely encapsulate the 
leiuloii and grips. 

It has been suggested that aficr sealing the end of die tendon, the stressing ptKkcl should 
be filled with a low-.shnnk chlondc free mortar^. It has also been suggested that a resin bond agent 
should be painted on the sides ol the pocket to improve the adhesion. 

In a prcca-st past-tcnsioncd building in U.K... the unchorage plates were covered with u heavy 
hitiiininous material and the wedge pontons were sealed to avoid inliltration of water' 

Anchor lu^ad rone has also been protected by a llcxihic grwisc-hascd or bituminous inaicnal, 
which allow's the relative movements to take place without destroying die cllicicncy ol the 
coinision protection .sy.staii*. 

It has been reported dial fixed end of the tendon in Oii anchorage cun Ire protected by die 
use ol an epoxy or polyester resin encapsulated sy-stem*. ITiis system provides u double protection, 
such as, a crack free chemical bamer and an impervious plastic barrier on die outside ol die 
anchor.igc 

(I has been suggested diut die lice length of die tendon in die uiiclmr.ige can he pnilectnl 
by coveting each component of the tendon individually in a close-fitting polypropylene slieaih with 
die annular space between diem filled with u protective glease^ Anutiier meduMl repot lal i.s to 
surround die complete tendon with a continuous largo diameter tube of either polypropylene or 
polyethylene which again extends from the lop of the fixed end capsule to die underground of 
die anchor Ih’.-mI file internal annular space can be Idled with ccmeni grout, grease or bitumen 

COIIIfXMtluLs 

In die Air India Hanger, Bomboy Atr Ron. die anchored |>onion of die cuble was euaied 
widi special epoxy resin in order lo prevent suess corrosioa llie untxiiidcd ixiriion was einbeilded 
m I’Vf' pipc.s Idled with anneoaosive grease"', 

It h.HS btxm cmpha.si/c*d derl die hcanng plale ami other essential exposed steel comp<)ncnts 
at die anchor head slKUild be painted with bilnma.slic' Non-i.omxlahle malenals, like, plastics or 
pla.stic coaled uiatciiuls liave been recommended lor permanent anchorages m aggressive 
ground, 
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ll Ills been rcpc^rtcd llui ihc ane-hw asscmhly was pnBcctcd against conosinn by a ciKiiing 
ol reJ-oxnJe. stnictnniJ su*el pniiier paint'' ll Iws also been rqxiiicd tluil litis cualing has pcrroiiinal 
well during ilic nearly line year ol imliJooi sUtrage. 

Hie (Kissibiliiy of itigtess of inotsiurc in iJic anchorages can be subslonUally reduced by 
reducing the number ul anclionigcs by providing conlinuous members. a.s well as, by providing 
leak pittol uxpaiisiun joints at iheir cnd.s. 

RnratKNcus 
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5..V5. AdmUdirns: (.'alc.iiiin imrile has been reported as an anotlic ctirrosion inhihiling 
admixture lorconcTelc'" f irst, il w:is iistal in lapan lolaeililale llu: use of sail bearing beach saniLs 
m remforeed eoncTcte fl Ills been revealed tkil ii.side froiii iLs cono.sioii inhibiting ciiar.releristies, 
cilciiim nilnie t3tn be used ics an aeudimtling iubnixlme (ASTM r-494. Type Q. ll lets Ixiai tejxirted 
lh.u il increases cinnpressive and fle-xural sticngUi.s, decreases shrinkage and has noefleclon freeve- 
Uiaw durahillty. It liu.s been concluded duii calcium niuite can be u.scd as a viable cotrosion it JiiliiUu 
lor concrete, 

A ilia’C year corrosion rc.scarch project on ■'Protccuvc system.s lor new prestressed and 
substniciurc conca'te'' lues been carried out to evaluate the pcilomiance of calcium niuite corrosion 
inhibiting admixtun; lor boUi reinforced as well as pa\strcs,scd citncTcie stiuciures’. 1,‘aJciuin intnie 
admixiiire has been evaluated by two laboratory siudic-s iliat included a -fX-wcek cyclic wet and dry 
still water expt'siire and year-long .study wiib cyclic .salt water exposure on lull size .sections ol 
remlorceil colmiiiis, beams, prestrevsed piles and .sUiy-m-plaee bridge deck panels, l-rorn these 
lalMiialory studies it lias been concluded dial die cdciiun nilrtle craio.skHi-inhibi(mg admixlute ilid 
mil signilicaiilly delay die iiuliaiion of corrosion when cumpiued to conventinnaj concrete specimen 
in dicse studies, I lowcvcr, die severity of die .subsequent corro-Sion proews ftolal ampere liours of 
coiTosion currenO on grey bars and prestressing sU’ands was reduced significantly when compared 
to tons entional concirtc .specimen Ihc amount of corrosion by products on the grey b;irs was about 
one-tend! diat mcasua*d on burs in conventional concrete specimen. In the moi.si-cured calcium 
nimte concrete, it has been found lhal chlondc permeability was similar to conveniiorul concrete, 
but It was greater in the case ol heat-curvd calcium nitrite concrete .specimen 

A three-year corrosion rc.scarch project on ‘Protective .sy.stems for new presu:c.ssed and 
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xiihMnR:liiTcc(Hk:n:lc*‘, Iuls hccnctuidiiclaJ in kiinw llic iH.‘rrinnuutcn nf silic;( riune Milnitxinn* fnr 
Loncrde''. l-ron> (Ills .study, it Itus been concluded dial die concrete witli liiKti strenftdi silica i'ume 
has shown very liiyh corrosion protection capabilitioi. Chloride pcncUulioii wa.s found extremely 
low. It has been suied that the very high electrical resistivity of this concrete mixture can 
drastically reduce the corrosion currents, c venthough the chlonde level at the reinforcement .steel 
becomes high enough to initiate corrosion. 

It luis bi'cn TCpoTlcii tiul inienvsilica can be used as an admixtme for ctHiacte^. Ii lias liccn 
slated diat microsilicu reduces (iii .some cases) die rale of carbouation, decrcase.s |H;nitcabilily to 
ddotide loris. unjiaiEs liigh clcdricai resistivity and has Uule effect on oxygen trunsporL It has also 
been repotted that niicrosilica bbids the potassium and sodium oxide alkalies pre.seni in cement, and 
thus reducing detrimental elTecLs witli alkali-reactive aggregates. It lias been concludcil that 
microsilica admixed concrete can protect the reinforcement agamst corrosion. 

To accelerate die KCUitig of die cciiiciil and the liardeniiig of die concrete in grout, calcium 
clilutide (CaCl,) luid been u.sed as an active ingredient in die reinforced as well as prestressed 
concrete structures*'''. Field experience and laboratory experiments have shown that 2 to 5 per 
cent of calcium chloride in concrete or grout containing prestrcs.sing .steel leads to serious 
corrosion'^'*. Based on die wotk.s of numerous researchers, the use of calcium chloride as frost 
protection agent ha.s already been prohibited in nuiny countric-s*^’'*, 

'I be American Conacic Institute Code lorConosKm Prevention Requirements siaii-s dcti 
the admixiiiru .shniihl nol contain calctiiiu diloriile'*- Tlic Swiss code for presires-scd c-onerele 
crnpli.'isi/c.K llui the concruu^ or groui slioiild nol cimlatn calcium chloride, iiitrales or oUiei 
chemically aggressive .siibslaiicc.s^, It lia-s been suggested that die cement coulaitiing iiiore dian 
a trace of calcium chlonile .siiould not be peiimtlcd in prestressed coiicteic slructmes’*. 

It has been reported dial in a pust-tensioned bridge in Netherlands. I per cent sodium 
carbonate was .'iddcd to the portland cement grout to speed up the hardening process in the winter 
season^. 

It lias ticcu found (hat course aluminum filing can be used as an odmixtua* to groul^^^. But 
It can tcucl widi cement and produce hydrogen gas wliicli might cause hydrogen embrittlement 
problem in the ptestressing siceP-'’’. 

1 be corrosivity of die .sodium thiocyanate (NaSCN) h;vse«l ailmixiure for pa'stressnig wmi, 
luts been nmwiigaleil using stress comiKioii cracking IcsLs’*. The specimen weic tested in syndielic 
pore water solution eomainuig a Na-SCIvl-hascd adiiiixluie of 90 fl OZ |x:r 100 lb of cement. Tlie 
coitcentiation of Na-Sf^N was 0.203 per cent by the weight of cement After 48 hours ol exposure. 
IK) evidence ol lusling or crack advancement was observed in any of the test specimen. I rom this 
study, it has been concluded that a NaSCN conccniniiion of 0.203 per cent by weight of cement 
will not induce stress corrosion Cracking in low relaxation and strciis-relicved cabkvs. It lia.s alsti 
been concluded that die use of NaliCN Ivewd accckradng admixtures is saf e for a*tnk*rccd conaetc 
application.s for NaSCN concentrations of upto 0.75 to I per cent by weight ol ecmtnit. 
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5.4. Cuullngs to Concrete Surfuce 

5.4.1. Introduction; Owicrete is pcnncAhleio water and stjiuiioivjot chJondesand sulpitaic-s'. 
IVncimnon of chimtctil or sail soltilions thnnigti conenue is likely lo cause corrosion of nmlorong 
Hicel. Uehar cniliahieil in the cimerelc can Iw prolccleti by .several inelluui.s, such as, uilitbiior 
udmixlurv'-s, ciitiodic proiection, coaling lo reinforcing sled and aiating lo concrete surface The 
applicalion of a iiion: uiipemieablc pniteciivc coating, lo (irevciit corrosion, can be considertsi for 
iNHit exisling. a.s well as newly ciMLslniclc*dstnK'tun;s During Uic last Iwotkcades, itmncnxLs orgiuiic 
und inoigunic coalings have been devciofx.'d foi amctele .surfaces. The various coni|)osilions tlmi 
have liccfi used lo coat concrete includes bituminous coaling.s, linseed oil, chlorinated rubber, 
polyvinyl copolymers, itcrylics, polyurethanes, epoxy resin.s, etc.*"*. A brief summary of these 
coaungs arc given below 

5.4.2. Inorganic .surface cnatlnt;.: ArjiKoiis yihilioas of sixlhan silicale, m.'ignc.siinn iukI /.ith: 
lliiosilicalcs can read willi Ihc .soluble calcium umipounU-s and form insoluble calcium silicale or 
calcium fluortssilicale, Thi.s ircainicni helps to increa.se surface hmdncs.s and reduce dusting. 
Concrete can al.st) be treated with silicon icualluoridc gas (Ocratc pixKe.ss) which is claimed lo be 
morc dTcctive becau.se of increased deptli of pcneiraiica However, these treaunenu Itave been found 
to have only limited chemical resistance. 

5.4.3. Organic surface co:itin); 

(i) Itituminous nuiterlals 

these arc made with either asphalt or cretl lar and Itave cxcdleni resislaiitx' lo vvaler anil 
niimlure Higher sollcmng a.splialls arc prefem-d lor Irttpical exposure. Toprcveiil blislcnng. 
concrc.le surfarx' sliot ikl he in ilry ci HMliUon. Tliiii asplialt or coal tai ' ‘cut backs” are used as primers 
for hoi mdis. Iiispiic of tlteir gixxl rc.si.slance 10 ucid.s, oxidizing solutions and concrete destroying 
.salts, black colour luid sotlcning at high temperature restrict tlicir use. 

Coal tar pitches have excellent water rcsLstance witJi moderate resistance to acids ;ind alkalii's 
TIvey arc al.so resi.stani to barnacle attack in sea water, Ihcir poor resistance agamsi sunlight .ind 
weather prohibits their use in open exposure condioons, Coal lar conUng.s Iwst very pimr ahoRnm 
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iu<tMiu)cc. lliey lend lo pollen at hl£h temperatures. Usually, coal tar coatings do not adbe^ weJI 
to concrete unless suitable primer is used. 

(II) l£in«lslnns 

Tlu^sc arc cl:Lx.siricd into two types. They are, Bituminous emulsions and latex emulsions. 
BiitimnuHis cmulsiiHts are imule u.smg eitlier u.sp)ial(ar coal tar base binders. Botb these emulsions 
can he applied (xi slijidit damp suifaccs. But they suHer bum the di.sadvantage oC higlier pemieability. 
Ill liiimid ciHidiiiuiLs drying becomes difTicuIl. Coalings may be damaged by rain. 

Acrylic latexes arc rrsistani tn heat, sunliglit aiui \vcailteT. They axe moderately rcsi.'Uant to 
aetds alicilics and oils but arc not rcccxnmcntkd fur immendtxi aindiliuiLS. Adli&sion of this amliiig 
to ixnicretc is giKKi. 

Polyvinyl acetate latex shows good le.slslancc to chlorine and hydrogen sulphide gases. Hits 
is having very good adhesion property. But this is not suitable for immersed condition. In open 
airnosplierc, tliese latexes ore resistant to blistering and weathering. 

.Styrcne-buladtcne latexes are not suitable for exterior use. 

(ill) Kublicr and resias 

Coumaroiic-indene (fractionate of crude coal tai) and petroleum re.sin.s arc used with 
plasticizers, such as, the chlorinated waxes. Ilicse coalings are having excellent water n:.sLs(unce 
and gixy) abrasion resistance Adliesion property of (hiscoaling lo concrete isexcellcnL But it will 
(end to fade under simlighl 

Ilie siyrene-butudine rcsias pos.sess excellent resistance to both strong and weak, adds as 
well as strong alkali, oil grease and water, lixterior durability Is good. But these resins also tend 
to lade under .sunlight. 

r«).i(ings c'onuiimiig ( hlurinatexl nibher resins arc having excellent resistance to alkalies, 
moisture and abiasioii. Adlicstoii to concrete is g<xxL For open expoKuie txwididons, coatings arc 
to be suitably pigiiienled. These coatings can be readily ovc‘T>coated. 

Chlorasulfonaicd polyethylene resins are having good llcxibility. low permeability to 
mnisiun*., exextilent w«iiher resistance and good chemical resisumcc. It has excellent resistance to 
.ihr;i.sion, to sunlight, to ozone and to oxidation. But it is highly cxpcn.sivc and needs special 
up|)licaliiai ledini(|iie.s 

High deii-sity poiyclliyleiic coaling is h.iving excellent nexibilily and high chemical 
rasisloiice, hut it is sen.silive in icinpcrahne. Wcallx'x resistance is gtKKJ. It will be further improved 
by adding carbon black. Tliis coating is |icruicable to several ga.ses. Applying ptilyclhylene on 
concrete surlacc is highly impractical. 

(Iv) Acrylic 

Acrylic iau|uei cixiiing.s based (uicUiyU' UK'UiucTylaie or methyl mcUiacrylaie produce tough 
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coaljiit>K, hut with itinhulcH. TIicm: coatings arc resistant lu licat, sunlighE weather and to acids, 
alkalies and oils. These ouatings are nut suitable fot imiiieisioo cunditioos. 

(v) Viiiyb 

I'olyvinji Alcohol 

These coatings adtieie extnancly well to axicrctc surface, nuxleraicly resistant to water and 
mildly aggressive ^cmicaLs. They have good abrasion resisiaocc, flexibility and lianlncss. 

Polyvinyl Chkirtek 

These coatings arc having excellent acid resistance when used as tup coat. But adhesion 
to concrete is very pour. Over coating is abo dUTicult. These coatings arc not suitable in the moist 
surfaces. 

Polyvinyl Chioiide • acetate 

These are having excellent abrasion resistance as well as cliemical resistance. Exterior 
durability i$ also good. But, it is sciuiitivc lu degradaiiun by Iteal and siinlighL 

Puly vinylidence Chloride 

These coatings do not bond well and multiple coatings are needed for adequate nim 
thickness. Impact resistance of these coatings is also poor. 

Polyvinyl Bnrtyral 

CoiKxele surface needs special pa-paratiun for llic.xe type of coiitiiigs. It has outstanding 
abrasitxi rcsisUuicc, toughness, dcxibilily, water and heal rcsisiuncc. 

(vi) Thermosetting coatings 

Drying oils (linseed oils, tung, soyabeans, castor) arc used os penetrating tairtacc sealeis for 
concrete. These coatings are provided mixlcraie protection ;igainsi cblondcs. .sulphate and tatty 
acids. This is having very poor abrasion resisiancc and durability. 

Alkyd rcsias are liaving gixxl weaiherahility, flexibility and abiasion. But llic xin face of die 
ctxiaeic requires careful pieparation. 

Phenolic oil is having good resistance to water, dilute mineral acids. These coatings 
generally chalk and loose ihcir gtu.ssincsK Resistance lu impact is gurxj but the abrasion 
rcsislunce is fair. Adliesion of this coating is very gixai TItesc coalings are mainly used lo reilucu 
ihistiiigs. 

lipoxy-cstcTs arc having excellent adhesion, llcxibihiy andchcmiad fv.sistaiKC, but vulnerable 
In caustic attack They tiave good gloss :u>d colour retention An alkali resistant primer is required 
forcoiicTUte smfaccs. Howevet, cpoxy-cslcisaie inlenor to Iwo component epoxy .systems. 
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SilicDive-alkyds art similar to cpoxy-csters in Ihcir pnipotics. Tbcy arc also needed an ulkali- 
rcsLsiani primer for concre te surf ace. 

(vH) Neoprene 

Neoptcni- eouiui^'s usually contain a iMiill in primer to improve odliCHon to concrete These 
crKitin^s arc having excellent weuilier resistance property. 

(viii) Urethane 

These coalings are oustanding in theu" tCHighnesN atwasKin resistance aiwl water and clicniical 
resistance properties. Ihey are reasonably resistant to strong acids. Tlicy arc having excellent 
durability but gloss retenuon is not so goixl. Tlic disadvantage of ibis coating i.s lack of adhesion 
unless the surface is carefully preparett 

(Iv) T'wo-pack Systems 

(a( Polyester 

’Piis system can be used with fabrics or glass fibres to repair or pnticet concTctc suiiaccs. 
They are resistant to erosion, chemical, weather, solvcncv etc. But lias coating icquiies special 
application technique. 

(b) Epoxy 

Two component epoxy resin films are extremely tough, h;ird and chemically resistant to most 
aggrtssivc ,<tgcnts Ue.si.stancc to wc.ithenng ts genendly giKKl. Tlie-sc couliiig.s arc also luivirig gtxxl 
ahrcsion rcscstancc. Alllunigli, llictc are many types of epi'ixy lesins available, the one normally used 
for |ii\Hecti VC Iratriets is liascd on a reaction product of bispheiiol A and epichlorohydrin. The epoxy 
lasin, which is usually a liquid, mu.si react witli another chemical called a curing agent or hardener 
before it comes a solid and develops chemical resistance, hardness and abra-sion rcsislance The 
curing agent used with the epoxy resin has a major inllucncc on the mechanical and chemical 
ivsisiaiK’c pa>pcnic.s of the hardened resin Curing agents most commonly ased arc al ipk-rtir aininc.\ 
;unine addiicl.s, amido-iunincs, polyamidas, polysiilfidcx, etc 

Amine cured product lues high stxeiigih and good chemical and abrasion resistance. But. it 
is brittle in nature. 

Polyamincs produce coaungs which are very hard with good adhesion and excellent 
resistance. 

I'olyamide n-.sins provide, excellent adhesion to concrete surfaces Tliey have excellent 
toughnes-s, impact resistance ;ind abncsuxi re.sistancc Besides they are non-loxii: and rMin-irriiaUiig, 
they can be applied even on tkimp surtaccs. 

I\>lysuiride pr<Hhice.s extremely flexible and impact resistance coatings. 

<c) Eiiran 

Because of liic inherent hntlleness and lack ol llcxihiliiy, films of liiran resins arc limited 
in use on concrete surfaces. 
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(d) Neoprene 

Two-pnrt noopnw coatings* an; iml imi concrete surfaces where very high dry film thickness 
Ls re<)Uitc<i (0.25 to 1.75 on). WitJi adequate curing, lliesc coatings jHovidc a high degree of water, 
chemical and oil resistance. These coatings show a high degree of resistance to most strong and 
weak acids 


(e) Polystiinde 

Two-pack polysullidc coatings exhibit outsiandnig resistance too/one, sunligiiE oxidation and 
weathenng But Itiey are having ptxir heal and abrasion resistance properties. 

(0 Coal tar epoxy 

Tills Is quite tuiigli widt gtaal chemical resistance. Durahilily is also good. For immersed 
coiulitioiLS ;uk1 gmxl abrasion resistance, a high resin content is required. 

(g) PulyNuind«>ep<>xy 

Hus .system ciunhiiies die inhcretil ruhher>tike flexibility of potysuindes willi the excellent 
adhesion and strength of epoxies. Adhesion to damp concrete is improved by this. Ciicmical 
tcsisiuncc of this system is similar to epoxies. 

Selection of a protective system, which provides optimum performance at the lowest cost is 
complicating, because, there arc so many systems available. To help in the .selection process, 
protective barrier systems arc divided into three general categories according to the severity of the 
chemical service conditions and these arc mild, inicmediaie and severe*, (jcncral categories of 
protective barrier sysicjnx are given in Table 5.1. 

5.4.4. CoiKrele sMlersi Water proofing is one praciicul way of preventing corrosion of 
embedded steel rcinforccmcni'^. Scalers arc used as water poofing material for concrete surfaces. 
SiMlem supplies as a .wltiiton or as a suspension in a solvent, merely reduce water inllow. Tlicy 
eiihrr till ot p.irltally I'lll the pore^s in tin; surface or line them with water repellent maicrhd, which 
reduces ihc leiulciicy of die .surface to uhMirb liqiud water A wute range of peiH'trutiiig settlers have 
been used fioni wuler repellent silicone nxvuisbiaerylic resm solutions, silieom;resins, epoxy resms 
and ptilyurctliancs. Aqueous .solutions of alluilinc silicates and silicofluorides liave aKi been irsed 
.xs sealers on concrete surfaces. 

Several lalx^rtilory studies have been carried out to evalu-tle scalers, but mainly lor die 
puipo.scs of highway btidge deck piotcclioii'' Ii Iws bewi cimcludcd dial substaniiul dillcrcnces 
were found in the laboratory tests on die elTccli vetiess of die various sealcis. Some scalers decrease 


•.Similar iwn cnmisinenl epoxy icsiling* in 3 ctwis have been provided for superstructure and subiuruciurc 
of sr.me hridgac in India, like, Tliane Geek Bridge, Mantlovi Bridge. Kaxheti and Kalwa Undges, etc., on 
ail exiemal faces except Ihc lop of deck It is now a pruuticc in India to cover the deck .surtace with ni.ssiic; 
aKphali laytrof I2 itini tliickiiMV torctatsi inurevs of water. 
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Tubic 5.1.1’rotcttive Barrier System - General C-atesories 


Scverily of 

chcmicvl 

enviionnirnl 

Tout oominal 
thicknm r«ner 

Typical ptcuectivc 
•lemei syviemx 

Typical but not cxdurivc uses of 
iniXective syslenu in mder of severity 

.Mild 

lindd Tn mil 
(1 inm) 

polyvinyl Hutyial, iiolyuieilMue, 
epoxy, acrylic, chlurinaled rubber, 
xtytcBc acrylic copolymer 

* FtiittfcUoh deicing lajts 

* lro(vove freeze (hiw rczUuncc 



ArphaH. coal tv, chlorinated rubber, 
ejmsy. pnlyurrihane, vinyl. ne<n'irne. 
coal ur epoxy, coal Ur urethane 

* Prcvcui fuinnmg of coocrete 

* Use of hixh (Nuity water service 

* Protect concrete to conuci with 
chemical •oliitiom having a pH os low 
V -1, depending; on die chemical 


I2SA75 mil 
(3-V mni) 

Sand lillril e^uixy. sand tilled 
polyester. Mnd-dlled polyureibanc. 
bituminoui matcruli 

* Protect ciincrele fniin ahrasiun and 
IntcrmiUcnt exposure to dilute adds 
in chemical, dairy and food procctrinx 
pUtlls 

S<'V<*rr 

lO lMi Mul 
(1/2-6 mmi 

llltu» fp.lov rc 

inforccU polycirter. prucureJ 
neoprcoc ihcci. plajticucd )*VC 

• Pru1e>J concxele tanks and lltvsij 
dunop continuous expolure lo dilute 
minerat. (pH is below ?) orsaatc 
adds, salt solultonv, stiong alkalHW 

Sevif* 

20 2XU Dul 

Ciin)|iasile .systenu. 

* PrciteU Lni»cieie kuilfs ixmli 


(1/2 -6 !l/4 nun) (<| S^nd tilled efn^y »>slem Irp 
coAied wilh V pismenud but 
unlilird epoxy 

ituoua CM inlemutleiil immeision. ex¬ 
posure Ui water, dilute seids, 
strong alkalies and salt sotutioiui 


tK'er 25« mil 
(6 mm) 

lb) Asphalt membrane covered with 
acid-proof brick using a chemi¬ 
cal rcaisUal nwrtv 

* Protect conacte from coDceairaied 
acids or vid/solvrnt cumhinaliuns 


water atiNDri'lioii of concrete lo appn)xiin:tlely one-lhml of that of uncrKRcci concrete, while otiicrs 
have little effect or even incTea.se water uptake by a.s much as .^0 per cent 

It hits been reponed that although .surface sealers give gcarf water repulsive pn»pcrlii:.s to the 
nmrrcie 'ciinacc, their penneability to oxygen. caiNm dl-oxidc and water vapour were high'*. In some 
ci)(h1iIiiuis. lire tdleci of the sealer wa-s to lower the water content «rf the surface pore.s so liiat tltey 
were no longer salnniterl. It has also been nrporled that rale of cnTbonalion was increased by the 
use of surface .sealers. 

Coating Evaluation Studies 

I'lie corrosion preventive effecLs of concrete surface coating used a.s a protecuoti inca.sure 
for steel in concrete has been described”. Reinforced concicte specimen coated with urcllianc 
coating on the .surface of the concrete were cxiwsed Uj Turinc cnvinwiments It ha.s b<-cn concluded 
tlwi iirctfiaiic coaling over the concrete was not effcciivc. 

'Ilk: Rorirti DOT lias developed a rapid test lor deHning the relative cnieciivcnes.s of coalings 
and pciiciiatiLs (placedon concrete not subject to abneston) in preventing chloride pcnctralion uthi 
.snb.scqiiem rcbiucnriri.sion"^’ A 10 x 12 cm st/e conmue cylinderconbiining arcinforcing bar 
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uxid coated with the inatcnol under test, was partially immersed m a 5 pcT cent NaCi stiliiium at 
consunt lempcniture. An impressed cunviit til h volts DT was ilien applied hciwecii a rebar in die 
salt water (cathode) and die tvbar in dw conca'te cylinder (aniKlc) llie DC cunvru causes aeedemlisl 
movement ol chlonde Ihmuph the coiuwie (il the coating was iioi aimplctely impcimeabk) and 
accelerated corrosion of ihe uncKlc oikx* chlonde RWrhes the rciidoa-ing liar in die cyliiukt. ('unvnl 
Ilow to erieh spcemien was iiioiiiloied daily until coiktcic cracking. An uneualcdcyliiulci of tyiiical 
amcreie lailcil in .several days, while well coaled specimen could wiihsuind 100 days or mi>rc of 
this ireaiinctil without damage. It ha.s been reported that MIWA stall researching on the basic 
corrosion proce.ss, support the use of this type of test to evaluate coatings or characteristics of the 
concrete. 

5.4.5. Work cnrrled mit by t’ErRI, Karalkudl- For rapidly assessing (he uscfuliRiss of 
dilfcreni water proofing iiuiicflal.s an alternate wetung and drying cyclic test has been developed’’’ 
About forty coating .systems have been evalu;dcd using (his test. 10 cm concrete tubes widi mild 
sled rolls were esest Al ter iknminlding, ihctopsiirtiice of die inibc wax coaled with dincreni csKiling 
malcriuls Afler die coaling had dried all spccinien were subjecicd to die ic.st, widioul any curing 
so as lo s|>ccd u|i die conimcnccnienl of ru.stnig. 

'Ihe specimen were dned using a heating arrangement. I leatmg coils fixed in ceramic kises 
were connected to the mam supply. To obram the. required temperature of 45'' lo 50''C liir drying, 
die distance between die (op surfaces of die specimen and (lie heating coils can he adpisicd by 
means of the pulley airuiigcuient Tlie whole heating sysictii wa.s fixed to a steel fiantc tor siahilily 
Afu-r drying, the specimen were weiicd with .sodium chloride solution. 3 cycles per eight hour 
working day had been used. 

U has been reported dial corrosion of steel rcinlorcemem takes place within 45 days under 
this accelerated test, while in die inunersion test no corrosion was observed even ai die ciul of 
eighty days. It has been concluded dat this acccleiaicil drying and wetting icsi is more scvitre 
diun die other te.sis. It bus also been concluded that various coadiigs to concrete can be cvniiiatcj 
using diis method. 

I'fom ISI1 tuid Rixik, B.Sl Catalogue and Aiinieil Hook ol A.S’r.V1 ShmdanLs, it lias been noted 
dial no suuidard acceptance le-su are available for corrosion proicclion coalings on remtorced 
concrete surface*I Icncc, QiCRl. Karaikudi lias devcio|Xai diree tliffcieiil types of acccpiano' 
test lor evaluating paint sy.stcms^*. Iliese tesLs aic, preaucked cantilever model slab lest, rcsi.slivily 
miu-isurcment ;tnd adhesion test All these tests yield quonUialive data to enable us lo avse.ss die 
n.-laiivc pcrtomiarKc ol diUcreni coadng system. Ten piopticuiry systems wcie evaluated itsing the 
above Uircc test mcUicids and die paint systems were graded. 

Prvcrackvd t andkvrr Model .Slab Test (Fig. 5.3) 

This test can be u.scil to lest ilw flexibility and corrosion protection of die coaling under 
hxuled condition. A iiotchctf aiul c;aililcvc.r I<k«Ic<J slab wus used to produce crack of specified widdi 
parallel lo die leiigdi of test specimen ciiilieddixf in coiicrcU:. Tlie slab w:»s 900 mm long, 250 mni 
wide and 75 mm diick. M20 concrete wiUi a waler-ceincnl ratio of 0.5 was nst;d 6 mm diameter 
mihf steel Kara were used .xs rcinlorccmeni in die slab. To control die direction of die crack, a nolcii 
was proviikal lu-ar die fixed etu) ol die slab and at theoUver end 25 mm diameter liolc was provided 
Poli.slied raid weighed sCecI .specimen were inU’cduccd both below the notch and at the free end of 
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t]»c slab, llcfarc use. (he siccl reinforcement cage was demsted by pickling, nnsed in tap water and 
deionised water iind iiir dried. 

Alter the cunng penod, the lc*p surtacc ol the sl.ah was s:ind blasu'd Then ilu' paint system 
WU.S applied by using bru.sti over iJic sand blasted surface and allowed to cure 

Ihc slab was then fixed on the loading frame Using Oki "rinITnrd lUtUI IVestie-ssing Unit", 
(he slab was slrcs.sc’d and (lie downward dcHeeiioii at (lie free end was gradually varied by 
tensioning a prestressing sleel wire pa.ssiiig Ihrongli a hole at llie tree end of the slab fly lliis 
downward dellcction at the free end, a crack was fomiud along tlie riHit of (lie iiotcli parallel to 
(he test s|>cciiiicii and tlic widllt of (lie ctack was aecutaiely monitored by using a (ra^cll^llg 
luicruscope. After formation of a crack of spcciriesl width, wedge-grips w ere locked in place at 
(lie end anchors and thus (he diswnward load deflection on (he .slabs as well as llic coties|xsiiding 
crack width could be permanently maintained throughout the tc.si period. 

The preeraeked slab along with the loading thime was Uiketi to the exposure yard. I here 
a 21 inin high hniid was u)n.stntcied along Uic edges of tla* slab using ix'meni inorcu'arKt the joints 
were .sealed with epoxy to iireveni leakage. 'Iliey w ere Ua-n subjected to cycles of allenuiic wetting 
willi } pcrceiuNaUl solution and drying. The iiuinbei ol daysuiken firr Ihc ap|x:aiance of first ni.s| 
spot at the notched surl.'icc was noted in each system. After the exposure |x.‘riod of 120 days, llic 
siab.s were broken open and the surlacc conditions of the rebar were visually examined. Tla* test 
specimen were derusted and reweighed again and corrosion rates in mmpy were calculated. 

Kr.sisilvity Mcasun'itirntdlg. 5.4) 

I 

Dus niieisiireinent be loerl lor resting impcTmeabiluy ,md chemical resistance property 
of the coating Tla*. clnccl-ieadirig digital n‘smiivity imier designed .and (abrtcaied al CT-CRI was 
u.sed In (iiis study. 'Hie meter consistsot buil(-in-.spiing loadeil, four-probe unit ami uf electronic 
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FiK.5A Kcnstivity McamiTnicnl 


drciiil.s aiitl sisuiiuiig of llic daUt U) display Uic rcsistiviiy tlirucUy in a digital panel inctei. I'lie tips 
i>rdie fourpiiibcs wca* wrapped with spiaigc and saturated widi potable water, (in inuking cnbclivc 
contact wid) die concrete surface. Tlie iiictci widi built-in probe is highly sensitive and Is also 
sunidciitly ruggcil for field use. It Is portalrle and Iratlery-opcratcd. Tlie meter displays die reshaivily 
values directly. 100 nun size cubes of M20concrete widi watcr-ccmeiii ratio of O.S were u.wd iu 
these studies. After curing peiicxl. oil faces of the test cube were sund blasted. Tlicn the surface 
coalings were applied to the required thickness. 

The cubes wercaircured lur ten days.md initiid rcsistisity w.as measured. Alter duh the cubes 
were objected loaJicmalc welting in 3 pcrcciil N;it?l solution and drying. At the end ol lOcycIcs 
_ rcsisitvily was mercsurcdoii all four vcilical faircsof cudi niheand the values were recordiul. it 
been observed dint in certain cases dicre is auisiderable decrease in electrical resistivity due 
to the penetration of chloride ions. While in certain oiIict cases, ilicrc iscmisidcrable uicruise tii 
~ electrical rcsistivilv. This indicatc-s die impemieable properly of the coaling system. 





CORROSION AND CORROSION PROTECTION OF PRESTRESSED 
CONCRETE BRIDGES IN MARINE ENVIRONMENT 


193 


Adhesion Test (Hr. 5,5) 

A 20 KW capacity M(3NSANT(3 Tciisonietct was ascd foriesUng ihcadhotive strcngtli of 
ilie paint over concrete suilacc 50 mm diamctei and 75 mm thick concrete cylindneal spaomcn 
was cast with a cylindneal steel spedmen Aflei curing period, the tlat surtace ol the coiuTete 
specimen was sand blasted and die spcdficd paint systetn was applied. I’aintCil surfaev- was air aired 
for ten days. Another 25 mm diamelct and 50 mm long steel specimen was given a dek coat of 
anilditc and then tixol to the iimklle portion of die painted surtace ol the coated amcretc spcauicn 
'ITic joint was allowed to set for tlircc days. 

75_ 



Fig. 5.5. AdhcsHiiiTptt.Sci-up 


Ihcn die specunen was llxcd in die M ANSANIO Tcnwimclcr lor tesung Diinng testing, one 
end of die specimen was kept fixed and the other end was pulled al a rate of I nun/tnin The 
inaxtnuim pulling force was recorded and Ihc adhc.sion strength was calailaled 

II has been concluded that the efficacy of different surface eo.’iliiig.s for ciimTele am kr 
elleclively and qiwnlitalively as-ses-sal by comhicting Iheallemale welling with 3ptTcenl Nat^l 
soliiiiixi and drying of rcinfiaced aincrete model .slabs utkler cmcked condition using the prcctuckcd 
cuiiiilcvet loading system. Tliis can aJ.su be as-sessed with die secondary tc.sts, such us, eiccu ical 
re.sislivf ty measurements and adhesion tests. 
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5.5. C‘-athodlf I'rolecUon 

5.5.1. IntroducUoii: Callkodic prolcclion is an electrochemical method of loninining 
comiMoii'. <'ono<»ion i.s uii ciccuvichcmical rcacuon bctwvn (iKsimilar metals in dLs.siiiiilarilies on 
(he same metal. An electric current Hows tiroin one part of ihc metal to anotlicr pan Where the 
etineiU leaves tJlc metal surtace and enters the surroiimling el wtnilyte, amosion ocairs. Wlicre the 
euneiil reHmleis llw metal, no corrosion occurs Ilw place wIktc cnneiil leaves and corrusioii occurs 
IS culled unode. Hie place where currcni is collected and no coiroxion occurs is called cathode^ 
riic l»e.sl metliod of conuolling corrosion is to take oft ihe corrosion curTeiil wiUi an equal and 
opposite current applied Iroin an extmial source^ Tlits practice Ls known as calluxlic (iroicctiixi. 

riiere arc two types of callnxlic ptolectioi) system; 

1. By inuiHlucing anode metal to corrode and u.stng the current it produces to save the 
metal under protection. This technique is colled '’Sacrificial or galvanic" cathodic 
pioiecliun. 

2. By using ordinary electric service, converting the standard altenaling current into dirvcl 
cutTciii by means of rectifiers, t his technique is called “Impressed cuirent cathodic 
proicctipii" Other energy sources, such as, s« »bir p.-uiul\ are also in use iii remote xvait 
when* ordintuy cIcctnc stTvia' is not aviuhtble*^ 

Saerifielal Cathodic IVoteelion Syslein 

Sacfiricul (galvanK-) anixic system produce Ihc requimJ protective cunvtii by :ui cleclioclicmical 
reaction I his .sy.stcm consi.sis ol using a more rcacirve mclat, such ,^s, ^inc, aluminium or in-agncsiiim 
lo creale llu; lluw of ciirrunl^. fX" airrviil is generatal by Uic riiffcrcncc in tlic poteniud of llic iiielal 
when lamiieeled Ciirrenl flows froiii aniKlc (zinc, aluiniiliiiin, magiiesiiun, etc.) Iliiuiigli Ihe 
elccuolyie to die corroding metal. Wlicn die current flow is adequate to make all die ureas cai the 
metal cathixlic. cuUiodic protection is ucliicvcd. 

Impressed Current System 

Ihe use and design of imprcssscd currem systems arc more llcxiblc than galvanic anode 
systems Bjtsieally, the. pnnnple i.s the. .same lor Nxli .sysU'.ms, except impressed current systems 
aiiTgi/e uihhL's by iisr; of an exicnuil energy source, (icnenilly, a rectifier is nxal lo convert aviulable 
A C. to D.cr. Ihc direct current is there introduced into die electrolyte by an anode or iukhUc bed 
especially designed to have a long life under relatively high current, high voltage uriiditions. 

Many different types of anodes arc available for u.se in "impics.scd curreiii .systems’’^ Tlicy 
are graphite, high silicon, chromium bearing cast iron, Icod-silvct alloy, carboa plalinum-couied 
niobium or titanium and conductive masucs and polymers. 

tJne new "hrcak-dimugli'’ in diis field is the automatic potential control system. This unit 
iinikcs Ihc use of c:ilhiHlie pniteclion, compi’.nsaling lor any changes which may allcr the prniccuvc 
uirrenl requinniienl.s. 
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5^.2. clalhodic protection in rt:inforcv<l concrete structures; ‘Ihc fifSt cathodic protection 
system devised lor a hndge deck was installed in 1973*. In the past, the catJtodic protection ot 
concrete rebars luts been :ipplif»l <mi Imiied and olTsborc structures'. In recent years, this technique 
Ik« also bi;en xiHTcessfnlly used to stoj) or prevent corrosion of reban. in concrete smjcture.s exposed 
n> (he atmosphere and conUiniinuled by chloride. IHWA has officially stipulated that the only 
reliahiliuiKin technique dial has proven to stop corrosion in salt-conuuninated bridge decks is 
catlMubc iwolcclion"'. 

Wlicn die cathodic protection sy.stcm is energised, die oxygen reaching (lie. stceJ surface is 
reduced to hydroxyl ions and the alkalinity generated restores the passive rdm anunuj die 
reinforcing bars. As a con-sequcnce ot the current How, chloride ions are removed from die steel 
surface, thus eliminating one ot die cau-sativc factors Rodi lliesc elTcct.\ can rnsiorc die passivation 
conditions of reinforcing bais" '^ 

I 'or under w.ilcr reinforced concaMe structurc.s such as, piers and piles, sacrinciul aniKles can 
be used'' Hill III the case of above water slnicliircs, sacrillcial anodes arc not .suitable'*. For 
concrete slruclums exposed to die atmosplietc. die veiy high resistivity of die concrete and die low 
dn ving voluige available makes a sacrilkal anode .sy.siem generally inadequate to obuiin sui ricient 
anreiii flow to nuike all ;uea.s of die reinfoaing .steel cathode. Furdicmore, some sucrincial anodes 
(■c.g.. lUuminiunO have been demonstrated to be inappropriate, bccau.se dieir voluminous 
corro.sion products break the surrounding concrete'*-'* In practice, die caduidic pn<teciion of 
reinforced concrete structure is better realised by mciuis ol the. impre..s.scd cnrrcnl syslcm'’ 

Farly impressed current systems for proiccung bridge decks utilised cast iron, fcrrosilicon 
or gruphlk single anodes which were laid on die slab and covered with a thick layer of condued vc 
.isplrait (50 mm) as a secondary anodc-backTil in order to distnbutc current nnilormly" Suuoing 
from 1977, die anode was replaced by utamum or pladnum plated nicbi jm wires. I hese anode 
systems were not suiiablc lor applicauon on vertical walls or ccdings. Moreosrr, their heavy weight 
and large thickness limited their applicadons. 

? aicr on, .slotted or niounicd anode systems were developed for bridge decks m order to 
overcome the weight, size aruJ powiblc surface wear disadvantages of conductive overlays^. Ilic 
WMlcrn coasistalof a number of pjimllei xloisciil into (Ik; lamcntle surtao- iLsiudly at 300 mm cunlixs 
for effective uiircnl diHlribnlion” *•*. In each slut, a wire anule (plalimim or mixed metal oxide/ 
diaiiiuiu) was placed surrounded by u conduedve polymer grout to increase the aiUKk- area in cinibiet 
widi die concrete. To improve current disuibudon, (lie slotuid anode sy.stem lues Irceii usc<l in 
combi tuition with carbon/graphitc libers installed pcrpciidictilatly to die primary anode wires to 
generate an anodic gnd. Ihese systems arc complex to install and due to die high current density 
applicil, acid .Klack of Ihc area adjacent to the slots has been noticed 

llicn conducOve coaUngs sy.stcms were developed*. Iliesc coatings consksl of carbon loaded 
organic coaiiiig.s or.spriycd metallic a>a(ing$ applied over (he entire surface to be protected. Ilic 
moHi Mgiuficarii :idvaii(age of lluwe .systems is that they can be applitxl to complex .shapes In any 
oricuUition and present no ptohlctn.s of wcighl or dimaiKional limilatiorLK WitJi the sprayed zinc 
anode system, it has been noUced dial die application is labour intensive and lime consuming, 
although the current distribuUon Is good-'. Short circuits between die zinc anode and die rehiu 
may ott-ur in vane areas of minunum cover over the steel. Ihese inciinvcnienccss coutiled \wdi aniKle 
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cotLsuinplioii und acid attack on the conertte caused by the anodic reactions, can make lite oi these 
systems ijuile 

Distributed and Mesh anixles an’ Die most recently devcUipctl lliey arc either cnjipirr anted 
with a conductive fK)lyiner material (a carbtm-rillcil polyolefine) or of cxpaiidal tiianiinn metal 
mesh civited with mixai metal oxides” ” I lowever, Diese polymer anodes are not able to aimpetc 
with activated. til.'Uiinm .nuMli'-s in tenns of inecluinical, electrochemical und life-time {iroperDes. 
MeshaniHlex luivc ihc advuniape of achieving imilbnn current distribution combined with reduced 
insiallulion cost compatcxl to tHlicr tviies of amxJe systems. And also, this system does not require 
Die use of conducive overlays. With respect ic*oDicr onoiJc sy.siems, Dicy provide uniform current 
disuibution, long life und can lie easily utillitcd for the pa'itection of the most varied structures. 

5.5.3. Cuthodle protection for presiressed concrete structuris< In 1985. a lalKwatory study 
W-.LS initialed to invesliyale wheDier cuDuxlic protection cun be used to protect pretensioned und post- 
tensioned steel ill view of die risk of hydio>;eri embritllemcnt in liiKh-strcngU) steels ul elevated 
potential levels uml 10 determine whcDier Die application ot caDKxlic protection to protect the mild 
steel reinforcement in prestre.ssod structures may have an adverse effect of the prcsue.ssing steel*. 

ITie-sc iCsSis were- conducted on lull-srrc .specimen simulating a lypical deck and beam 
sTHlion ot a prelL'n.KioiH.’>l bndge. and (lie deck of a lluclc-slab |Kksl-ten.sioiu'd bridge Pncstrcssing 
wires were iLsal under nii.slre.ssed eondilion A calliodic protcciion sysiem was installed and 
sui faa.' Iiulf-cclls und cndKrdded probes wete irsed lo mea.sure |Hileniial and cimeni levels in die 
S|KX linen. 

1 he study concluded diat cathodic protection could not ellccti vely protect the tendons in 
ixixi-teasioiied concrete heauisc ol Ihe shielding ellcct ol die metal duct 

It w as .dso found that current dislnbution along die length of die tendrxLs was noi iimform 
III Die. case ol prerensioned beams flii-s could result in hydrogen evolution in higlict current /ones 
(I e., ovet protection) while leaving some steel unprotected. 

flic study determined that cadiodicully protecting the mild-slccl leiiiforccriieni in post- 
icn.sioncd deck slabs would not adversely uffect the tendons under normal ofieralirig condiltuns. 
Ptoiecimp Die deck steel m a thin slab deck supported on a prcten.sioncd girder was also judged 
unlikely lo liave any adverse effects on the prestressing strands provided dial die applied eurreni 
density did not exceed 21 in A/rn’ on Die deck surface. 

Hie upplicaiioii of caDiodic pToicclion to llic prcsires.scd tendons in new luilian highway 
bndge, namely. “Autostrada del Fejas” liasliccti reponed* Dus highway tvLS been built-up by Die 
post sire.sscd tendon technique. 

It has been suggested Ural Die applicauon of cathodic protection of “old” struclure.s sIhiw 
more rislrs. because of low reliability in avoiding ovcrprotcclion conditioas. I lowever, iiLspite of 
ihc delicacy ol Die problem, cathodic pioiecDoii of rcmrotceinctii.s in pmsinsssed concrete siniclures 
liHs become possible by Die development of mesli anodes ;oid new reluibk; monitoring systencs. based 
on Die itsc ol Ag/AgCl relcrencc electrodes stable for long (tcriods 

lAotcctiun cunent density lias lx:eii (k-.sigiK’don Die basis ot approximately lOmA/iiP ickiiivc 
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lorchio Mirfau:, wttidi a>nvs|NNids U) ahtHJi (i> (iO iii A/ui’rulalivc Uicuiictdt: surface Jupeiubiig 
upon steel re-liar suiface dcasily, I'lie lar(>c variuliiin lias frjiccd to u careful deugn, wliicli has liecu 
luaiiagcd by (lie use of Uic (liic-c (liffercnl aruxle nieslr type, in order to supply lire cmrcct cuncnl 
density for cacti ty|x: of surface. 


In this bridge, activated litanium anode mesh "LLGAKIV has been u.sod “'IbofotopCV has 
been uscil as the ovcTlay. 

Tire Inidge has been divided uito ’'Zones", having separate fxrwet .su(«|)ly uniL Tlie cuin-nl 
output is automatically regulated by the monitoring system. In case of over protection, tire system 
will switch the power supply off and give alarm signal by suitable devices. C'athodtc protection 
is still in the experimental stage. 

5.S.4. Criteria fur ciithodk protection 

5.5.4.I. Reinforced ccMKrete structunsc Cathodic protection Iras been .sncces.sfit1ly iipplicd 
fiH the protection of broied pipelines fix wliicli sufTicicnt current is supplied to inaiiilaiii a miniiiitun 
steel potential of -8.^0 mV with respect to coppcr/coppcr sulphate electrode^". But in the case of 
concrete smiciuies. the hall-ceil potential of tlw reinforcing steel varies with temperature, moisture, 
oxygen and salt contents. And also, probicm.s arise due to concrete resistance tluciuiations, as dry 
concrete has a high resistance and wet concrete has a low rcsisumcc. 

If tlic applied voltage Is kept arnsiaut less current will flow in dry conditions. But in the 
oese of moist ciMuliion. moa* catliodic prolectum ciunent will he delivered, whidi cause premature 
deleriornlion of the aiii'xlc and surrounding concrete, and atTccts the Nmding of lire reinforcing 
Bcuinse of tlicse tiuctuations. wrxking out u single potential criterion of catltodic 
protcclioii fiM conaeic stniciures is cimsidcrahly more difficult than that for bare steel in .soils or 
in .seawater. For reinforced concrete, many potential criteria have been reported by various 
workers** 


1. An ‘ ‘inutunt off' potcndul of -850 mV vcku> Cu CoSO, clccU(.<dc 

2. All' ‘instuui iifT' poicniiul of -770 mV versus Cu CuSO^ clearade 

!t. An laslant off poicnlial of a minimum of S(X) mV more ncgaltvc than the original static 
[Siienti.il 

4. A potential decay of :iUc»i KXlmV whcnmcajnm:doverapcnodof4hounibclwccnlhcin.skuu 
off potenti.d and the lully depolarited potential 

5. 'fh.ti poionli.ll at which a ch.inge in the elope occur* in the potential vcnciia log current curve 
(E-logl). 

Ilu; F^log I. ltX> mV polansi-d poteniiitl decay amt llie ^00 mV poietiiial sliill .ve reported 
to give similar iiareiil requireiiienis, wlieieas, ailitcviiig -770 ix - SSO mV vs f'u-CuSO^ electrode 
over tlx: wluilc KlnicUire resitlls in ovcr^pnilcctioii and excessive cuirciil’^. It luis iH.*eii siiggesletl 
that in the case ul 300 mV potential shift criteria, the polari.sed potential of the steel in coiKreie 
sliouid be le.ss tliun the limit of • 1100 mV vs C'u-CuSO^ electrode. 

It Ikis beenreptxted lluti the 100 tnV polarisedpirtcnlial decay is Uie most rcluible criterion 
ftx loiig-term immilixing. huACtl txi the same, llie N AfT, Task group T-3K-2 ixi ctxnisuxi of steel 
in concietc has selected a 100 mV polari.sed potenlLd decay as tlie only (Hileiitial criterion 



CORROSION AND CORROSION PROTECTION OF PRESTRESSED 
CONCRETE BRIDGES IN MARINE ENVIRONMENT 


199 


'ITie Strategic 1 lighway Research l*n)gnun (SHRf*) luis <kint: siiulic.s in il»e an-ji (if pnitcction 
of prcstrcssctl concrete in aJjition to n^inforccul cibkikic \lnictures*’. Tlic performance of seven 
cathodic protection sy»tcms instiillnl on two mild steel icinforced coneiete bridges was assessed. 
Based mi Uie data and testing conducted for two years, it has been suggested that the pt>lari.sation 
decay of 100 mV may luive resulted in under-prulection. It has also suggested that the ti-log 1 
criterion can tic a realistic method for determining the operating current required for cathodic 
piotecliou^^. 


5.5.4,2. Prestressed concrete structures 

<A) It Iutslieen suggested Quil tliepnxecuve potential value more than •! lOOmV vs copper/copper 
siilpliate clcctjrxle may lead to iiydrogen cmbfitllcmcni problems in the steel tendons of the 
prirsticssed coiiucU;^ 

(B) It lias ficen repotted dial die strands of a pmicnsioncd tendon in a concrete slab, wnich were 
imlially activated by un impressed anodic current follovi'cd by excessive cathodic polarisation 
< I3(Xt mV vs SC'li) Uv 36 days did not exhibit any signilicanl diflcrencc in average tracnirr 
load compared to stnuids ol die same tendon polanrcd to 40fl mV’' It leis :il»i reported dial 
dicre is no hydrogen cmbnillenicnt problem in prelnisioncti iciuhm in concrete 

((') 1lie .Strategic Ibghway Research Prognim (SlIRP) bits done rcscardi in the uica of pnacciiiBi 
of preslicsseilconctele in adililitai tnie'mfcBccdconcnrie slnictufes’''. Based on (he expeiimuiLs 
it has been concluded dial hydrogen gas was produced and the same diffused in die 7-wbe 
strands wlieii subjected to {XMentiaLs greater Ihmi -900 mV widi respect to Salurak'd ralomel 
Idoclrodcs. Ihc diffused hydrogen gas into 7-wtre strands reduced the fracture stress cumpared 
to a control specimen. 

Ihese observations show that a cautious approach is ncce^ssary while considering caibodic 
[iroleclioii of preslrc-vscd concrete Mmciiircs 

5.5.5. Stuiliei uirrlvd nut by CECRI, Karaikudi: rcniral lilectiochcmical Research 
Institute. Karuikudi has carried out lalxitatory studies on various aspoi'ls of uithodic pnitection of 
steel in concrete A brief summary is given below: 

5.5.5.1. Studies in aqueous .soiuUutis 

< .\) Studies have been made in aqueous solutitais aTiresetitiiig gmal quality (0.04N NaOl 1) and 
bad quality concrete medium (0.001 N Nat Ilf) uMiiaiiniig dirfenmi amount of chloride ions tiom KXl 
ppm to 10.tXX) ppm"'. Mild steel specimen was u.sc“d as cathode and a large mvxh type titanium 
substnitC- insoluble anode (I SIA) was used as anode. .Saturated calomel clectroiU: was used as 
relerence electnidc 

It ha.s liecn found iJwi die pcilenlial ol the mild steel was more negative (ban -300 niV 
suggestuig Ibe medium is higliJy aimosivc rathodic polarisation studies have shown dial excesive 
pohuisalton, i.c.. more ncgalive than -1KX) inV uin lead to the cviilulion ot hydmgen gus, which 
can cau.se lota of bond between the steel and the coimcte and consequently, embnulcmeni of die 
steel can occur 
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It has been obscrv'cd that in soluuons representing good quality concrete, complete protection 
of steel was achieved even at very high chloride concentration It indicates that the cathodic 
protection aitre-ni of 0 1 to 0.4 m A is sufficient to proicci the steel fnmi corrosion 

III the case of soluiionstcpfcseating bad quality concrete, ii has been observed that a ncgaiivc 
shift of 300 mV fiom conosion potential was insufTicieiiL A minimum negative poicniial shift of 
400 mV has been fonind necessary under these conditions for attaining compfete protection. 

03) l^ltentl<lstalic studies fiave hcen enirieii out in aqiuaius alkaline media rcptescttling iliffeieut 
UNicreic envinuuiiculal axMliliuns, such as, pH 8,10,11 and 12.4 for finding outa potential criieiia 
for cathodic prolccUou of .steel in arucivle in simulaled enviromnent using aqueous sixliuiii 
hydroxide soluliuas^'. Chloride and sulphate conccntraiioas in the solutions were varied from 100 
lo 35,000 ppm. A tncsli type cylindrical lilaiiiuiu suhsualc msolublc aiarde (TSIA) was used us an 
anode. Mild steel specimen was used a.s cathode. Saturated calomel electrode was used a.s the 
reference electrode. 

This study sliowed dial in ihc ca.seof clilorides, die uiaximum shifl'm |Hileiilial Iniui open 
circuil jNileiiiiai was-150 iiiV at the lowc-slalkaliiiily and it was aboul *100 mV in the highesi 
ulkidiniiy. In the cose of sulfates, the maximum shift in potential was around • 90 mV at lower 
aJAallnities and it wu.s aNrut >70 mV in the higher alkalinilies. It has been reported that (he variation 
in union concentration (chloride or sulphate) does not influence ihc protection current requirement 
afipreciably. It has also been observed that a shift in the potential to -KOO mV vs SCB may be 
optimum for cathodic protection though shifting the potential to -700 mV vs SCL was lound to give 
comfdete cathodic prou.'cuon. 

<C) Studies have been made in aqueous media rcprescnuiig concrete ciivinuiiiicni to find out 
opUtmuii cuiTcnl density forcalhixlic piutectiunorsteel iii craicreic nsing Hull Cell (echnique^.'fbc 
I lull cell was made of perspex and was Uape/oidal in plan. Mild steel panel with a stem was nsed 
iLs cailiodc. A mesh type titanium substrate insoluble uoode was used as impressed current anode. 
Hxperimeuls liavc been carried out in 0.4N, O.OOIN and O.OOOIN NaOH solutions. Chloride or 
sulphate was added to NaOH solution to represent contaminated concrete. [>esired current was 
imprcs.sed unmcdiutcly alter immersion of the specimen in ihc clocirofyte and mainiuined 
continuously for a pcritHl of 24 hours withoul any iiilcrupuon 

Ibis study sliowed iJtai die currenl dcnsily reqmreineni lor ciiloridr imalia lies in Die range 
ol 10-40 mA/m’, whereas, in the case of sulphate, if is m hcfwcen 20-80 inA/in^ It has been 
concluded liuil I full Cell experuneni can be used to obtain die opliiiium curtenideiLSiiy for caduxlic 
protection of steel in concrete 

5.5.5.2. .Studies in concrete medium 

(A) Ihe polarisation behaviour of steel reinforeemem embedded in conaete and also the current 
distribution pattern in the concreic were studied'’' GalvantKlaiic studies have also been done in 
concrete medium Forpolansaiion studies, two mild steel rod-s were (.uiibedded in a cone-reie cube 
Ttic spceimen were cured for 28 flays. Tfie sicel rehars were dieii caduxlically polarised from 
-870 mV lo • IK70 mV widi refcreiiw io SCH in .sieps of 50 mV and die a wTes|x)n<ling cuneiil was 
noted. For cuneiil dLsiribuUon study, two reinforced cooctele model slulis were cast A Tilouiuni 
suhsirate Insoluble Anode of si/e lOOx 100 mm was centrally placed. Tlie slab was sulrjcclcd lo 
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alitnuiic vvcttiDj! with3 percent NaCIsoluuonaruldrying ITwc'itlKxIlcprotccuim wasconUnutiusly 
applied lor u period ol 2<X)days ConcurTcntly, anoiher inixlcl xlab, wiliioul culliodic pn>li;ftiiwi was 
sut'jectcd to siinilar condmoiLs lor cixnparison Open eireiiil potciilial (CXT*) of control slab was 
pi.'mxlje.illy nnHiiinretL 

I Toni this study, n lias been coocluikd tlial Uic cnnciil flow to liic din'erent fugiun was litniled 
by die clectncaJ lesi.slancc of die eonercic and die slaiit disiuncc between the anode and cathode. 
Hie cl ieetive cnneiil dLstiiliutiini was restricted to a di.stonce of about 20 to 25 cm from the anode 
posiijiHi It lees Iveii suggested dial to get equal shilll in potential, in all the regions, number ot anodes 
arc to bi' ]daeed widi a N[iuciiig of about 20 to 25 cm. It has also been suggested thai to know the 
leal shift in potential of die steel leinforccmcnts, it is necessary to adopt IR compensation mcthotls. 

l or the galvaiiosiaiic expiTinieiiLH, a sled rebar was einlKslded in couocic specimen of 
diffcTcni iinxialios,siicbas, 1 1,2, 1 I A3, I ;2;4 and 1.3:6. lliese.specimen were kqil in 3 pet cent 
Nat "I soltiiion and a coasianl ennent wa.s |Wvsed asing TSIA and an auxiliary electrode, roastanl 
callitHhc cuiicnLs of0.1,0.2.0.4 and 0.6tiiA were itnpre.s.scd on diffcmntspecinK'n. IIk potuitiaLs 
willioul IK compensation were continuously monitored lor a period of 60 days. 

I Tom diLs study, it has been observed (hat die steady stale potential at the maximum cmieiii 
of 0.6 111 A was around -1.3(X) mV. It lias been concluded dut die applicaiun of current to die cxiciii 
ol 0.6 III A Olid slillling die potential to 1300 mV without IK compensation was inclTective. Suiuble 
IK ('onipoiisaiion technique .sliould be adopted. 

(0) A study lias beat carried out to iTml dur cuneiit density paianti in a inolcl reinfonvd omcreU* 
structure widi two dilTercni shapes of uiuxle.s^. A prototype structure c<>m|itLsuig of slah-,, Ixuuns, 
columns and fuotlng.s was cast with mild steel reinrorcemcnLl'itanium Sulrsirale Insoluble AihkIcs 
n^ilAioi inc.shund strip type wcivembedded with cementmoriar overlay. Mesh typecuiliguration 
was iivi-d in slabs arul strip type luiodc was used in beams, columns tind footings. Ihc potential of 
die labiu was sbilletl by iiiqwes.sing diffiTeiii cnneiil ikwtiliex Instant of I technique was followed 
lo measure die .sliilled |x>lciiUals. 

Ii lias IxTcti loiuid fioni dns sindy lieu the. K‘am wnb sinppc^l anoile needed the maximum 
cuirent density of 3(X) lo 350 iiiA^iir, whereas, slabs with rnexli type ancxle needed le.sscr current 
density in die order of KO to 140 m A/m’. 

It lias Ixreii concluded dial die cadiiKlic nirreni rvtpiireincni tkTvrnds upon die conlignruhon 
of die suiictur.iJ compoiieiu :uid also design of ilic iiihmIi: and spacing between anode and cathode. 
It has Ikcii suggc.slcd dMlameslilyiK'aiuxlc was prelenihle over sinp type from the point ol view 
ol miiilnii/ing the anode current density. 

(O Studies have la'cn earned out lo inedici die proicciion polcniial ciricria In chloride 
conuuninalcd concrete u.sing lluli ccll type (ITa|x;/.oidal .s}ia|>c) nnxlel prisms with inild MccI 
rcmlorcenienis'''* One specimen was cutliodicaly protected using TSIA while aiiodier was 
nnproiected Hoili spcvinien were simultaneously subjected lo alternate wetting in aci(lilii‘il 3 
pi'i vein N.if T .solution (pi 1:2-3) and drying, to induce uggre.ssivecomj<siixi. Coashuit cuneiii ikiisriy 
was unpresed lo die pnsnis :in<l polcniial gradient was penodically nioniloa*d in Ixidi wet and ilry 
coiiililions. ITom ilns.sindy, ii has been concluded dial lor tin' condition, die potential ciilciia lirs 



202 


STATE-OF-THE-ART REPORT ON 


in (lie range- of -670 lo -580 mV vs Saiuralt-d Calomel I'Jcctrode (SCU). whereas, tor wet condiuon. 
il lies in between -780 to -680 mV vs 

5.5.6. Work done In Gulf: Ualuchct lU a'llcctedproiexlion cnrrcul iLtta fma conosioii 
damaged reinforced concrete panel as protected by fvirx-100 CP system, i»va a poind of 18 inoiiilcs, 
vsith current adiusted to meet NACF. slandar»l "100 mV pi^tcniial sliifl over ftw Imurs” criterion''’. 
Il has been reponed that I 'crex-100 CP system umlrr>Ls du; corrosion in reinftaced concrete memberN 
provided prutci'tion ciirruni is monitored. Il lues been concluded that a high degree of variability in 
protection current required Ls noted in iraiushing from the extremely hot .summer months wiili 
concrete temperatures of S4®C lo the cooler winter pcrir^.s. Il has been suggested that a need to 
develop it entcrion a.s an alternative lo the NACI: criterion that would he more suitable lo the 
conditions in (lie Gulf, otinimmng monitoring ol prutcciion current. 
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5.6. l*rnfectlon of Kxternal Cnblrss 

Rehabilitation of a prestrc.sscd concrete hncJgc Irorn comision ijislre.s.x. requires measures 
10 retard the progress orcontision of prcsirc-ssing steel in Uie htnly of cinicrcte of die girticrs and 
restoration ol the loss in praslress lo the extent po.sxihlc. Rxtemal pro\trcs.snig iJirough post- 
leiLSKHied Iciidoiis placed ouLsidc the structural concrete incuilicts is now being cunuiionly used ui 
riiuiiy counlnes as u normal uietliod of coavtiuction to impurt the de.sigii presircss in pn.'.sire.x.scd 
concrete slnictures including bridges. EfTicacy and .safety of this system compared lo the posi- 
icnsioning of (cndon.s placed inside die concrete body of slniclural members and grouting alter 
tensioning to develop the lull bond between prestressed tendons and the surrounding concrete has 
been well establt.shcd t he corrosion protection of external pa‘stn;.s.sing tendon is of critical 
imporiancc cspcaally iliic to the presence of permttneni tension, abrasion of adjacent wires, etc. 

5.6.1. Protection uf.sirands. .Strand has (0 he shcadied in a suitable nuitcriaJ aguiicst airrosive 
.itbick of the aggressive cnvtronmcni. Ccmcnl grouted sheathings provide an inviduabte ]iro(cctioii 
against corrosion by creating an alkaline environment widi high pH value. Injeclinti of wax mio 
a sheath can also be used Ihe individual protection consisu of simuluneous extrusion of an inner 
tar-epoxy coal surrounding all the strand wires and an outer sheath ol I 5 mm thick polyediylcne 
flic ihnrc tier protection is. thus, composed of. 

galviini/alion 

cir-cpoxy 

ptdycthylenc 


All wires arc lux dip galv,'uiued and a corrosion proieciion compound added dunng siamimg 
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operalKnm. Htc loitrul have a /iitc coaling of miiiiutuiu 270 gui/:>q.ni uial /. shaped win:s iti 

;^00 gtit/sq.m. ill accordance wiili DIN 2078 and DIN 770 respectively. I'hc active corrosion 
protectroii cunipcautd coruuslsof polvurctliane oil with a high content of/.inc du.st niler, 

Sell propelled mcclianism which inilially w'raps a cable wiih an claslonicnc sheeting in a 
winding operation which lills in any existing surlace Haws has K'en used' 1 his is lollowcd by 
a wrapping of (inned copper .sikI ihisjaekcl i,s tiardly iiiipcrviou.s to die entry of oxygai or water. 

5.6 J. Proteetiuii of stay culrles In eribfe bridges: Hxicmol prcsircssing is analogus 
to cable siay-wlrcs. In cable .stayed bridges thi* «irro!»ion protection is made by placing ihc wtru.s 
inside ihc tube dial is subsequently injected wrthTOWtir In stnne of ihc bririges. ihc-se stayed cables 
are covered by polycdiyicnc lube and die lubes arc wnipperl by plastic cos'er* 

fables can als4> Ih: pnitecU’d by wrapping widi glass fibre ds.sue dretidied in polyethylene 
iH pnlyurelhane, die voids bclween die wires being also filled widi die resin. A new tuliular .sy.sicni 
for eomision proteetion hu.s also been reported'. Dits is an tu-sUii process and ciaisi.sts of two uiaLs 
of uciyliti resin with gla.ss mat followed by third coal of resin mortar to give die rough texture. 
Cables cun also lx: protected by gal vunt/ing and voids between die wires com|>lctcly filled widi 
u durable elastoplaslic material to enable periodic visual inspccdon of cables’. Before iwEsiiiig to 
requited lay length, the wires arc passed through specially formulated polyurethane resin^.The 
ends of die ctibics tu-c fanned out into the metallic socket of the anchor. The .socket is then niled 
w’lih metallic alloy of tested quality 
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5.7, Alternate Mnlerial for Frvstressbig Tl'ikIoiis 

The* possibility ol utilizing fiber reinforced pla.siic rods as |we.sucssuig icikIoils, hi place of 
iradidonal steel tendons, in elcmcrus of prcslre.s.scd concrete bridges exposed to corrosive 
envinaimcnts hAs been invcsdgaicd'. A survey was mode l»> avuiluMc iiifoniiuiion on tin: behaviour 
clKiracierisiies of fiber rcinlorccd plastic icndtin elemcnus, and in pariiciilaj iluise of glass fiber 
reinforced fCiR<) tendon elements Also, an analytical study was made of the flcxluial lieliaviimr 
of concrete elemeiiLs piestrexsed by GFR tendons. 

I our CirR tendixis w idi f i ai-Tetii .s> .stems anchorages were tested, the primary vai bide lieing 
Ihc embedded length of the CiFR lods in if ic anchor:ig(.w, All Ihc tendons failed by the rods pulling 
oul ol the anchorages, l or embedded length of 3X5 (15.2 in) or gn’alcr, the failure loads were 90 
per ccni of ilie specified tendon strength ol 220 k.si, ix abmii 100 per tent of the giioramccd tensile 
slreugtJi of 197 ksi (60 KN/rod). 
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A low carbon (about 0 ‘I per cciii) induclittn heal treated steel, introduced to the Japanese 
prestrvicscd precast industry m I96S has btx’ii used as a prestressing tendon’. It ha.s a well-defined 
yield point abi.wcO.9 Its fhiTMipin 17 imii in diauuiier can have warn) formed button heads applied 
iind rolled ilin*ads cui be apiilied to any size required. Recently, a silicon-chrome alloy adaptaUon 
of the low carb^in heat treated steel has been developed. 

UesiilLs of fatigue, stress relaxation, prestress transfer length and accelerated .stress 
eoiTosioii tests on tile new steel mdicatc that stress corrosion chantclcnstics arc similar to thewe of 
.stress relieved strand. 

Anew motcnal. namely. “Paralir* is available for prestrc.s.siiig icndons’H It con.sLns ofu 
closely packed essentially purallel. core of high strength, continuou-s .syntlieiic yam.v, contained 
within a thcnnopla.stic sheath This sliealh mainiains die circular piofile of die rope and piotecL. 
the core Ironi ultra-violet radiation whidi could cause degradation. 

I Ih’ cxire can he a niiiiibei of diffcicnl malcrial.s, but diose most commonly used are based 
on polyester yams Crype A parafil) or araniid, c.g., Kevlar 29 H ype lO and Kclvar49 nVpc G). 

Type A (Kevlar 29) has a Youngs' modulus of about 12 KN/mm* and an ultimate strength 
of about 620 N/mm-, which means that the aipes can susuun high simiiis < S.6 piT cent) This makes 
them ideally .suited lor sod rcmforccmcnl ‘T’aniweb", a related pnuluci, is widely used as the 
rciiiloriing malertal for ihi.s applicatiini. 

Hie siifTer aiaiuid malerial-s are miae suited li) .slrucniml applications. Both Type F and Type 
Cl versions have siniilur slrengdi (1910 N/inm^), but diffc'r in dicir Young's modulas. Type F 
(Kevlar 29) d has a inixlulus of about 78 KN/niuF, while Type Ci (Kevlar 49) has a iikkIuIus of 
about 126 KN/mnF (upproximutely 60 per cent of steel), Ihe liighcr modulus of Type (i iiaiafil topes 
means that they readi their peak stress at a .strain (1.5 per cent) .similar to dial in cold-drawn steel 
w'lrc at iailufv. 

Kevlar achieves its high strengUi bccau-sc it is a highly oriented, crysudlinc material, with 
high molecular weight llie basic luolcculc appears to be poly (P-pla-nylcnc tca’phthalamide) or 
PPT, and consists of long duiiii hydrocarbons 

riie higti nualulus of Kevlar 49 makes tt the mo.si suitable of the core yarns fra use as 
ptcsircssiiig tendons m contTctc. Kevlar 49 is tesistani to more forms of corrosion, widi twti 
exceptions It ilegrades in the presence of ultra-violet radiation and loses .strcnglli in the presence 
of.suongly alkaline solutions. Thus, if the Kevlar yam.s were used as reinforccmeiu in iiiiimatc 
coiiliKl widi concrete, dcgntdation could be expected, given the high pH of concrete. However, 
the outer Uieiuto plasdc sheath of parafil ropes serves to proteci the core yam from this .source of 
attack, as well as sliieldiug die rope from ultra-violet light. 

Paral il ropes have a niinibcr of attractive properties (liigh slrengdi, high rniMlnlus and good 
coiiosion tesi.slance. amongM others), which make them clearly .suitable for use as prc.sirussing 
tendoas. 

It will be passible w use parafil ropes In applications where die leiulency of steel to corrode 
means dial prcsirf.ssing would be inappropriate, or pos.siblconly if exjicitsive measmes were taken 
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to protect the steel. Rius, it can be usc4 in or near the ground and also in m;inne cnvin»nn«cnt.s 
It is also likely that paratil woultl be used lor cxienial tcndoiLs in bridge structures. 

AxHidicr pnibahle u.se is in die repair of structures. Many slnictuies willi inadequate presuess 
or reuiforceinent could be iquircd by die apfilicalioii of pceslress. I1)c diinculty in existing .slructivcs 
lias been the provision of a suitable duct to pmiect die steel tendon. U parani were to be employed 
it would only be necessary to provide anchor blocks and deflection diaphragms. 

Prestressing sysuan fora pcdcstnan bndge in the MarienfeWe rb.stnct of Itcrlin (I^G) was 
designed as cxlcnud pn:sln:s.sing without bond and was achieved by means of seven gla&s fiber 
uriidoiLs^. Hie iKiniiiial diauicter of die glass liber bars is 7.5 nun and the working load |iur tendon 
U O.fil KN (1 "W.O Ih). AU seven glass fiber piestn».sing lewloas will be permanently monitored by 
uilcgralcii optical fiber sensors. 

ACI-ASCli r(uiimittue 42i lias evaluated the acccpcihilily for general (ircstrcssing apfilicatiuas 
of u losv curixm .Silicon Chrome Heal Treated (SI. (rR.H.l‘.) pa'sircssing steel produced in Japun^. 
fhis Steel has stress corrosion resistance piopertics comparable to lho.se of wires strand and bars 
confirming to AS'l'M A421, A4I6 and A722 respectively and is suitable for general prc.sursscd 
conCTCie use. 
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5.8. Protection of (•round AtKbontgvs 

Different types of cunusion protection systems liave been reported for prestres.scd ground 
anchorages'^. Tetidrai of an aiKiiored dam in Algeria was protected by coated tarpaulin, coveted 
by mixture of grease and bitumen, with outer tarpaulin sheath over free length. 1hc fixed length 
was coveted by cement grout. Circasc-unprcgnaicd glass libie bandiigc and outer asphalt wrapping 
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Dvci free was ado{tl(.‘d iti a picsticssed concrete daiii iu (Vecboslovukia. lu Sweden, hilunicii 

coaQuje was used for ancluv head in an underj’mund power station crane l>cam. In West (ictiiiany, 
die ancliiwu^e of an uudcrtriound power station was protected by jute wrapping imirre^naled widi 
bitumen in free len^tlh. In Alj^erru. road oil loaded with red lead was used to protect the wires 
of an anchored dam. The Irce length of tcmlon in an anchored retaining wall was painted witli 
bitumen in West < Jermany. In an underground power station, the free length of the tendon in 
anehontge bi<d wav surroimded by a chemical filler (oil based unsaturated fatty acid polymer). In 
I ISA, die tendons m an anclKtred rolaimng wall wctc protected by benlonite/ccmcnt grout cover 
along wiUi Ollier steel pipe in free leng.lii In aiblition to that a jcicnlicial /inenhbon ttnodc wav 
installed in each tendon. In Nfafay.sia, an anchoi outer head was protected hy a scidiiig cap filled 
widi grease, llic free letigdi portion coiiUrincd in polvpnipylene sfieadi was sumiutKlcd by bilumcn 
In New Zealand. Ute wires in an anchorage bed was pioiecied by polypropylene .siieathing with a 
secondary portion of outer lube and mastic infilling in free Icngdi. Corrugaicd tubc/groiii 
encapsulation was adopted over fixed length. 
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6. SllMMARY AND CONCLUSION 

In r^irlicr Chapters (he available litcrauirr inlonnation bas been preacmed in deuiii under 
varioas cla-ssificd lieadiiigii Kcrcrcncc?; have alsn been imduded at (he end of each a^pcct. 
Instrumcni details anil addrevxa of suppliers have also been given wherever possible under 
iiioniUiring aspects In lliis riiaptcr, a condensed Stale of An Kepon is prcs(.!n(c4 

A.I. Case Studiesuf Corrosinn Failures 

In order to have an overall perspective of failure problems, case studies rclutiiig to failure 
of post-amsioned concrete bridges and prc-iensioncd concrete badges, have been dealt witli. 

6.1.1. Post'tensloned concrete bridges: Under Post-lciisioncd ciMicrctc bridge, 30 ease 
studies are desenbed. Failure instances have occurred in different cnunirics, like, Hra/il, Netla-rhmdH, 
I ISA. UK. Denmark, (iermony, Austria. .Swit/crLuid. Taiwan, France and India imliuiting ihc gloltid 
nature of the problem. 

Failures have taken place wnhin a very short period, i lew days to few montlu. (.in the 
other hand, some long-tcnn iailures alter 5 years have also occurred I'his brings out the 
unprcdiclable nature of the problem 

Out of 30 cases cited, 10 eases come under shorl-lerm failure. Mo.st of iIk Iailures were 
due to stress conosion cracking/hydrogen embrittlement Tlic rest were due to general comssicni. 
Presence of hydrogen suipliidc in the envirooment has been respoasiMc for hydrogen euibiitUeineiit 
failure in inuiiy eases. A mixture of sutpliur, lamp black, kaolin and motor oil used during bridge 
convtruction led to the failure of prcsucssing rods with 10 days of tcasioning mainly because of 
I ijii liberation, (ialvanlzcd prestressing wires have failed within (wo days due to cracking in 
galvanized layer Post-tensioned wires in a badge have l.ulcd within lew days when sodium 
uirbonalc liad been added to :tcceleratc setting of cement goHit flclaytxJ grouting and impcrlcct 
grouting have toolnbutcd to accelerated lailurrs Long-tcnn failures Jire rnauily ttssoaalcd with (lie 
exlemal aggrc-vsive eiivimiiiiieiu or .stray cairient Marine :iln>osplicie or scawaler lets contrihulal 
10 the seven: uniform cinrosion of prestressing wires. 

According to 1 raasport und Rood Research l^aboralory. U.K., posHcnsioned beams have been 
less satislactory because the durability is Influenced by the elfectivene.s.s ol grouimg. In an 
mvcsugation of 12 badges, voids were found m ducts nl lO. Problem was mainly due to water 
carrying dc-icing .sails lc.rking into Ihc ducts. 

6. U. Pre-tenskmed concrete brW}t«s: Compared lo post-tensioned bhdge.s, pre-leasiuned 
badges appear to have pertonned well. Ihe two case studies from USA indicate that es-en 0.1 per 
cent of chlonde content in concrete can cau.se failures. Surpnsmgly, m both the ca.scs, precast 
elements have been used. Concrete made from high .rlumina cement or blast f urnace slag cement 
has contnhuted to hydrogen embrittlement failure of prestirssing Mccl. 

6.1 ,.3. Failure during storage: Several eases of failures of presoe-ssing wires while stored 
at site have been reported. I’nvsena: of nitrates m soil promoted stress corrosion ol presoessing wirejs 
Htorcii in coil lonii In one ease wirc.s hod failed aflcr contacl with clay. 
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(1.2. l■'o^lILs uf Corrtisiuti tiiid Fucloni liifluL-iKitiK Currimion 

lllc hij:h sU'cl wires u.sed ns prcsiressiiij: leikkiit in pieslicssedu]iK;ieU.‘ Ls culd-drawn 

and stfcss-rcllevcd cutccUnd sled. Wire, dumeters arc usually in (he range ol 1 ..S - 8 mni. Ihe steel 
contains 0.7-0 0 pv'r cent carhon and upui 1 per cent nunganese I he steel is produced Iruni hoi 
rolli*il rod or wire stiK k which is ‘paienicd’ to prodiux; a line pcarlitic stnicturc Cold-drawing to 
8f>-XS per cent rediiciion in area is used to ohiain additional .strength and steel is Uicrmtilly slrCsSS 
relievisJ 

Ihe pre.Mres.sing steel because ot iLs high slrengtli and because of Ihe cold-drawn surface 
IS highly defeCl sensitive. .Since presire.vsing wires are used in smaller diuniclcrs(u.suully 7 min), 
even a small reduction in diameter due to corrosion may have profound dfcct on its performance. 
Moreover, the wires urc pemianciuly kept under tension (cqiiii aleni to 80 per cent of its pnxif slres.s) 
during service and this makes them highly vulnerable to dangerous lorms o! corrosion, .such as. 
pilling and stress corrosion cracking. Under the ease studies, it has been .shown that prcsirc.ssing 
wires may undiTgo any ol tlie tollowing type- ol corrosion dcpimding on Uiecnvmmmcnial and stress 
coiujiiioii.s 1 fnilonn corrosion, pilling corrosiim, galvanic comisioti, .stress corrosion cracking or 
hvdrugeii eiiibrilllciuenl. conosion fatigue, niieiobial eonosion and stray eunciil cotrosion 

f*.2.1.1 ^ iilfnrm corrosion: i’rc.su'cssing steel may sutler uniform corrosion wlicn it is directly 
exposed to aggressive environment. Wires stored at site or w ues while lying ungrouled iresidc the 
duct may be subjected to this general corrosion H:ire steel wire will unilcrgo severe rusting when 
exjHised to m;tnnc environment 

6.2.2.1’lttlng corrosion; 1‘iUing in presircssing steel is much more.senous compared to mild 
.steel components I liulei tension, pits lorined aie deep and narrow unlike shallow pits (uniicil in 
mild steel. Pitting of prcstrc.s.sing steel is associated with break-down of the passive protective film 
lomicd by die alkaline cement ciivironnieni. Breuk-down occurs in prc.sence of chloride salts. 
ISulphatc salts also can promote piiung corrosion ol prestre-ssmg steel Addition of suitable inhibitor 
admixture to die cement grout can help to ncuirali.se the hanniul cttccis of cfdondc 

6.2.3. Hydrogen embrltllemenl/stress corro.slon: r:i.sc Miiduisot failures have clearly 
imhailcil dial most of die failme of presircssing. leiidiHts aic due cidtei to hydiogcii cinbriltlemeni 
(K to struvs eonosion tiacknu’ .Suevs CoirosuMi miekiiig is the sjxnituieores cracking which tx;i:ors 
due to die LoiijuiiU action of static teitsilc sucss and l(jcali.sed corrosion. Corrosion acts us a noteli 
delect and sUess rai-sei since Ihe wire is under 80 per cent proof stress, .stress conceniraiioii effects 
iKcur at die comxicd region and a auck i.s initiated at the up of the defect. When the sucs.s value 
usiches die yield value because ofstre.ss c(>necntru(ion elTect, yielding and crack propagation takes 
plate I inoily, fracture occurs. 

Preslrevsing steel can tail by liydrogcn cnibnllleiiie.nl when die atiunu; hydrogen ditfiisr.s 
into Ihe uire of die. metal and ilecrea.ses die coIk’si ve sirinigdi of inclul uloiiis. IVe.sence ol tensile 
slie.ss in steel uccrietatcs die diffusion rate. At a crilical conccnualion of sucss aixl uioiiiic hydrogen, 
steel becomes too biitde and fails by dccohcsion. 

litress conositm failure and hydrogen embriidwncm failure can be dtsunguishcd from normal 
mechanical failure by die absence ol necking (cup and cone lonxialion) ai the sn.ippcd end 
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Dcluilcd studies undeilakcii al CHCRl, Kaniikwti tiavc revealed dial (lie presticsKing Ml'cI I'aii 
sulTcr stress corrasion/hydrogen cmbriitlcmcni in any one of the following media: 

(Hi /\nunt>niuinnitnileiillcni(i<mitun:su(iovc40^ 

(b) DiMxliuin plxM|>hutc a( ambient temperatures 

(c) I lytinigen sulphide at iunbient lempcratuteii and cs'cn at very low streiisex (4(t per cent pn «if strout) 

(d) Ammonium thiocyanate at ambient lempcraluroi and at very lowstroiscs (2(1-SO per cent privif 

It was also found Uiai there, was a limiting pilot ‘MO above which probability of failure 
may be minimal In many cisc-s. hydrogrm embnitictnent iuilure was accelerated under cathodic 
pulatisalioii indicating cathodic prolectkai of pn:s(ie\sed concrete structures slioiild he oiiittously 
dealt with. 

Studies corned out elsewhere hove shown that the realistic environmenLs, like. Cu(UH)j 
NaOl I, NuCI, etc., probability of failure ts miwc ui precracked specimen. ITils Indicates that any 
mechanical detect on the prcstrvssiiig wire can drastically alter tis cracking behaviour. 

MP lias biiHight out a standard lest procedure for testing Uh; stress cnrrosion Kti.sciqitihiliiy 
of laestiessing wire ui 20 per cent ummoniuiu thiiKyanale solution al .^0“C. Mtniminn test diuaiion 
is 200 Ihiut.s, ailvisahly 500 hours. A pure tensile load equivalent h) 80 per ccnl of maximum load 
Should be maintained throughout the test period. 

r,Vimlhoiigh ctwnxswm fatigue has ammbiilcd to faihiru of few prestrujivd coiwretc meinhers. 
no systematic invesligalioii appears to have been imdertakeii on tills phciionieiioii 

6.2.4. .Stray current effccLs: Stray cuneni can affect (lie durability of prcsUB.sscd conaetc 
structures and stray currenLs can come from nearby clcctrincd railway (rack, from welding 
operations invoKing deliberate earUiing. from a nearby cathodic pTolc'ciion system or due to static 
electrical discharges of lightning. Stray current effects arc more .severe on prc.sircs.sing steel 
compared lo mild steel reinforcement. Post- teasiooed structures arc more sensitive to stray current 
damage. Stray current con be avoided by u.sing a proper well-insulated return cable in the circuit. 

6.2.5. MirrnhInI corrosion: Since the prestrc-ssing steel is highly sensitive to hydnigen 
cinhntlJetneiit attack. pre,seiice of Milpliatc rediicuig bacteria (.Skli) can pniviik* such condilioiiK 
SRR lias bcenidenlincd in die liydnisuifncgrca.se u.sed lopnilect pa*slic.ssiiig (etidoii. Mstiiaiy water 
may coutain coiLsidcioble amount of SKB and when (be water leak.s into the prestressing Icudtai, 
failure may oceui . Ibis is a .serious problem in (be case of ground anchorages buried in soil which 
may contain SRH. 

6.2.6. Factors innueneing corrosion 

(A) I’re-lensloned Structures 

It is well known that lower the water cement ratio, lx:tier will be die cucrosion protection by 
concrete cover. PcrvcniAgc corrosion of steel has been reduced from 70 per cent to les.s than 10 per 
cent by lowering the water cement ratio from 0.62 to 0.49, Chloride pcrmcabllUy has been reduced 
by 80 pen- cent by lowering the waicr-ccmcnl nttw Irom 0.51 to 0.40 f 1IW A has recommended 
a water-cciiictu ratio iit die ntiige of 0.32 to 0.44 for corrosion protection 
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('racks in c<»ncrcu; cover also influence corrosiun. Whereas, crack widths uplo 0.1 min did 
tun pAVduce any corrosion, cracks widths in the range of 0 I to 2.5 mm have produced .severe 
corrosion. 

In (lie I'Asr of prti-lcn.sinncd ennercte pipes and tanks gunitmg earned out lor rrliahi Illation 
purposes if not propei results in ueeclerutcti coiiomoii If Die eiiuile inonat does not liavc proper 
iHinding wilJi parciu coricicle, fine capillaries are (iriAluced at tlie interface. TliU results in ra|iid 
.seep:igc ol chloride laden water or ground water 


t'hlonde sensitivity of prestrcssinp steel is rviw well recognised and a maximum permissible 
liiiiii ol 0,(X) per cent hy weight ol wmem luis heen spcnlio<l FIIWA Tcponpubli,shcdin 1*187 says 
thal ihrivshokl value lor chloniJe loleraiice depeiuls on die actual water cciiient ratio mploycti. 
Imcre-siingly, a higlier mho ol 04 sitowed a ihresliold value of 0 2h per cent hy weight of a'mcnl, 
whercjis, a lower waier-cvinenl lalio of 0 28 gave a Uiresiiold value of only 0.17 per cent hy wtughi 
of ceitieni ('HCRI studies luive intlicatod dial pilling on pn:s(re.vsing .steel may he initiated wIko 
die pore solution contains about 3200 ppm ol chloride. 

('uring practice has an important bearing on cxiirosion behaviour 1‘crmcabilily ol Itcat cured 
AASI in.) - Quality concrete is measurably lower duin dial ol three iLiy iiioiM cured coiiaetc 
1 lowcvcr. a miiiimuin cover ol 50 min w“as louud nece-s\.iry lu both die uxses so as to keep Ihc 
chlonde level at the depth of .sled widim limiLs. 

t^ialily ol die conaele cover depends on il.sjiore stiucliiic also and it lues liccn demonstrated 
dull high cylinder strength can also he obtairn.d W’di rrlaiively ptwoiLSconen-le lleiait, iiuutsuri'meiil.s 
lit penneahilily ervMieienl are essential DiiV lia-s specified a maximuin water |)cnncabiljty ol 
10'* ni/sec lor aiiicrele cover. 


(It) iNisMftisiutKd Structures 

Tlicrc arc several factors which c.tn Influence corrosion ofposi-tcnsioncd tendons encased 
In cement grout and cable shcadi l irst of all. it is to be apprwiaied dial eomision can he initialed 
inii'iTuilly within the cable sheath In case ol ptvr (jutdity omcTeie covtx and tracks m eontretc txis'er, 
external environment can dilfuse diniui'h the concTctc covex aiul iniluilc corrosion of cable slieadi 
.mil win-.s 

IShit :uid uiiptoper griiuuiig widi leiigdiy tliici ptofile, presence of voids in die groul. ingie.xs 
of tiuiisture and uii-lHinie salts can ouse severe inieinal coirosion. If expansion |omls as well as 
unciionigc recesses are leaky, water can dinxUy enter (he cable duct through the end anchorages. 
|iarliculaily dirough diosc which are anchored at (he deck. 

Cables lei I ungrouted over a long period both bclore and al ter prcsircssing usually suffer 
severe corrosion bclore grouting is done. II pitting corrosion occurs dunng lht*« long periods ol 
exposure, stib.scquent grouting may not be able to offer the necessary passivation prowciion and 
aravsi corrosion, 
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Monitoring Aspects 

In the tutv. ol presiTCAScJ tnnerde slriKtuTvs, the following aspects need regular monitoring: 

(it) Corrosion monitoring of »in-prc«tn»siiig steels 

(b> (jcrosum monitoring of pre jtfreiisitig steel in pie-lcnsiotwilvtell us in post (ensiuneJ yystems 

W) lixiuiliiuttion of ixincnt grout 

(d) Monitoring thecracking behaviour and 

(e) Moiiitoiing the structural respi.-inse 

6J.I. Corrwdun numiluritig nf nun^prestresslng sleel und of prixtremlng 
steel In pre>tensloned concrete 

6.3.1.1. Open rlrruit potential: ASTM C 876-t(0 ha.s prescribed a standard icsimcthixl for 
hall cell potenuaLs ol steel in concrete and Indicated the various potential ranges for predicting die 
porhabiUty of conuwon. OICRJ has made use of this technique in many bridges and structures. (X’l* 
measurements by itself may not serve as a le liable enterton tor as.scssing the condition ol rebar since 
many parameters, like, moisture eontcnl, abating to steel, coating to concrete influence the value. 
Hquipmenls, like, patli rmder, potential wlicel, data bucket arc avail.abit* and all these sutler trom 
the same limitations. OvciUxikiug certain faclum will lead lucmHicoas inieiprelalion hileniml is 
a ihermodyoamic criterion and as such (XT cannot be used for quanuriealiun of coiroston. 

6.3.1 Surfnrr potential measurcmenls: Surface potential technique has similar limitations 
as applied to ex'?. At best, it can indicate the most vulnerable region. Mut by itsdl, it will not indicate 
thecoiTosinn probability. It is to be coupled with the resisuvtty measurements to obtain a panuncier 
fill led corrosion cell ratio. 

6J.I.3. Concrete resistivity. Electrical resistivity technique can be used as a quality cmurol 
tool. Periodic monitoring of resistivity can give useful information about the deterioration of 
conaete CliCRJ invc'stiguUons have .vliowii that the porosity in concrete can be monitored asiug 
the parameter p^y/p.,,- I his tcclmique can also be used to monitor the durability of coatings on 
concrete surlace. (lowcver, electrical resistivity ol concrete cannot he directly correlated to corrosion 
rale 


6.3.1.4. corrusion evil ratio. Coirosiun cell ratios are calculated from surface potential and 
resistivity data. CECRl has made use of this ratio for as.sessing the probability of corrosion. With 
proper interpretation, it can give some useful infonnauon It is not useful for quantifying the actual 
comxsion damage. 

6.3.1.5.1'iicctric.'il resistance probe: Since the electrical rtxststance of any metal depends on 
itscruss-sccUonal area, a decrease m aoss-scction due to untlmm corrosion can he easily evaluated 
by pc'nodically moniionng the change-s m the electrical resistance. Sensitivity of measurement very 
iiiucli dcpciuLs on Uic thickness of specimen. TliimH-T llic dia, more sensitive will be llu: Icclmitpie.. 
rcmpcialurc compensalion is also necessary. Bcistitse of llio.se iwo tiicUns. Iliis technique cannot 
be directly applied on the .steel rdnfarccmcnt network. Usually, probes/sensois ore .suitably designed 
and embedded in concrete along with the steel rebars at the same cover deptli. Probe clemciii is 
so seasitive that even a small change m dia due to conoslon by the surrounding concrete environment 
can be readdy as.sesscd. C’LCRJ has designed a suitable probe tor use in concrete and al.so designed 
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iJip iiitHiiuuiiij!: ULsIniniciiL llu; I'iiuipnictU is LtmiinL'tcially availalilc I xicaiioas fiiriasialling pnihc’s 
arc to Ik* judiciously selected by tlie bridpe authorities and lliey ore to Ik* made accessible by a 
suitable lemtinal system. Such probes have been installed in few girders of Paniban bndge in 
lomilnadu 

Major disadvantage ol this technique is its insensitivity towards pitting and stress cixrosion 
crack'lng which arc highly liK^aliscd lotms ol corrosion Adviiniagc of this technique lies in its 
.ibilitv to give reliable data on reduction in diameter due to corrosion or ilic rate of corrosion 
whichever is desired 

ftj.l.n.I'ulnrisnllunreststanrt:technique: IhisisawcllknownelcctUKhcmicaltechnique 
w hich om give iiisUitiuuiciHiscimosiim nileol nictal uiidi-t twaliKilion However, appheauon of this 
lechniqtic lO rcinlorced/prcsiresscd concrete stniciuies poses some field prohlcms LIcetneal 
resisliuKc of concruie isa v.iruiblc piuaincler wtiiiii inlrixluecs cnors in oilculalion unless pnipcriy 
coin|Kasaled hy suiEihle iiLsiriiiiicnUiiiuti tecluiique. Kcliubililv of die iiietluxl lor large scale field 
appticalion has not iKcn proved. CHCKI has tried diis technique for qu.imifying the coirosion of 
slieci pile embedded m monar in one of die marine smiciures in India. Monitoring is to be continued 
ftinJier to prove ns reliability 

4V,.v.1.7. lmpf>danci<tM:hni(|ue’ Impedance analysis is slowly eiiietgitig as luiiiseiul uxdand 
III receni years A.C. niiivdance spectnvscopy is being e.\pcnmciiU:d for in-silii quaiiliricalion of 
conosnm ol sieel in concrete siruitiires llie iicyoi jnnhlcin wliich ls yel lo Ik* solved is die irregular 
dislribiiunii ol die electrical signal a|iplied willi a counter electrode* of much .smidler dimension 
eoiiqiiucd lo dial of Uk* large sled network eintialdcd in concrete. Intensive simulation experiments 
ate iK'vded to lacililale accurate iiiteiindalioii of Qk* iinpcxlunce data ohumed in field tneiisuiemeni.s. 
field mca.siircmcnt.s arc yet to be dcvelopcti 

ft.d.l .K. Noise analysis: PJcctriKiieinical poleiilial noise Ic-ditiiqtie i.s ml eiiierguig lechniqiic 
which cun Ik* used foi estimating die iiisiantaiieous corrosion rate. Tlii.s technique hus (he ability 
lo dcstingiiLsli pitting or louiliscxl ciirosiori and general or unihvrm corrosion Major (vobleiu c'ommg 
in the way of its elTective field utilisation is filtcraiion of noises from external disturbances, 
f easibility is yet to be established. 

fi.3,2. Corrosion monitoring of presln^sing s1*?d In posl-tensionerl cotu rele: Available 
literature mloniialion indicates dial no fool-proof non-dcstruciivc technique has .so tar been 
developed toquiinufyconoKicrtof prestressing .sled m post tensioned corK7i:lt* Radiography as well 
as endoscopy ai best can indicate the cundiuon ol grout and tendon in a qualiiaii ve way 

h.3.2.1. Klectricjil resislarK'e technique: OiCRl lias earned out corrosion surveys on a lew 
posl-lcnsuincU prcstrcs.scil coiurnrlc* bndges in our i.ouiilry I’rc.slrcs.sing sIccLs were actually finiml 
to have severely rusted and in some creses even .snup|icd. An electrical lesistance technique was 
adt ipicd to avsess tile ciaidiiioii of prestressiiig stc*cl. rolIc*cicd data indicated satisfactory conelotiou. 
I iowever, there arc certain uncertainty factors a.s.soclated with thi.s technique. I or example, this 
icchiuquc* may not be iiblc to distinguish highly locali.sod corrosion. If these laat»rs could be properly 
understood and idenulied by carrying out la^rratory simulaion studies this icchmque may prove 
to be quite rewarding. 
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63 . 3 . Direct examination of cement )^nut and preKtreKsini; Kti«l 

6.3.3.1. RadiiiRruphy: Radiuf;riipby lias been extensively used in I^icc since I06K for 
examining the quality of groui In cable ducts. I 'pio 1*>8S, gamma radiography with radioaciivc 
sources particularly Co 60 had been u.scd. I lowcvcr, since 1985, linear aca’Ieraior rudioscofiy willi 
X-rays luis been found much safer and to yield beticr quality pictures Radioscopy can give 
qualitative infonnalion on tlie fol lowing: 

(a) 'IVilal Ilf partial absence of grout 

(hj IVeserice of hrnketi or ctirrodcd wire< 

(c) Heterogenity of concrete 

(d) Crack* in concrete und 

(e) Lackofeumpuetion 

According lu KII.FiM, detection ol reinforcemenl corrosion is pos.sihle only when the 
(liickncss of cunoxion product Ls greater tliau (i.2 nini. 

British Standard BS: 1881 (Hurt 20S)-1986 ha.s recommended that upto SO cm thickness of 
concrete gumma ray sources may be employed and above 50 cm. the u.sc ofhigb energy X-ruys 
i.s more appropriate. 

Atomic Hncrgy Research listablishmcnt, Harwell. H.K. h.is used the Super-X linear 
nccelcraior manulaciurtd by the Radiation Dynamics Ltd.. U.K. for the radiography of Swaihling 
Bridge (Reinforcixl ctmcrtMc). The following dcfccis in the ctmcrctc were identillcd Uiosc 
uanpaction and emcLs. 

lixtremely .stringent safety precautions are necessary in such radiographic invesugauons. 

6.3.3.2. F.ndnscnpy: This isa scmi-deslniciive type, of exainiaition 20 mm di.i holes are to 
lx: drilled Ihniugh the amcrcU: to rc^ach Ihe cable duct, wherever direct cxaminalion of gnini is 
rxrcdcd. Drilling holes slioiild he dixie wilh ihic une to avoitl ctiUing of nofi-ixestrcssing steel. Tliis 
Icdiniqiic lias been .successfully used lo identify iingruulcd lix.'alions and lo regrout tlieiii. 
QuunUricaiion of corrosion damage to prcstrcs.siiig .steel Ls not possible evciitliougli qualitative 
a.s.scssmcnt can be made. This technique lias beeu applied on a po.st-icn.sioncd concrete bridge in 
Denmark. 


ft-3.4. Detection of defects in concrete 

6.3.4.1. Dltra-sonlc pulse velocity; It is fairly wr.ll known nnn-dc&lniclivc lest mclluxl of 
a.ssc.ssing the quality of concrete with regard lu hnmogenity, .strength, voids, tnlemal cracks, clc. 
(ireai cure and .sound experience are quite c-vscniial for accurate insirumenuilion and coneci 
inteiptetaiian. 

6.3.4dl. Ground penetrating radar technique: This is a remote sensing non-dcsiructivc type 
ol technique useful for identifying deteriorated areas. I Ugh frequency clccuxxnugnctlc pulses are .sent 
into the concrete and reflected pulses analysed. 

6.3.4-t. Infrared thermography technique' Infrind camera is used lix'deiectmg emitted 
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(hcnnal mdiaiions from the concrete, it pivduces video Mjiiial iuul rccofds thenuai ioc^oy (xi video 
tape cap(d)Ie of mcaMiiing tcmpeniturc dJlfercnccs as low as U-ST. Internal Icamres, such voids 
or dclamination will influence the rate of healing and cooling and these defects may be idcntiricd 
Irom a study of temperature contours. 

ftA4.4. flnhi^aphy This isascnsitiw non-dcsiruciivc technique tor detecting micro-cracks 
(iiptnO I fiiKTon si/c) mcoficretc Ifighcnergy laser beam is used Ilowcwr, the technique is highly 
sensitive even iosiiudl vibrations and dist>laceiiiait.\ ll is also not sinlableforconiers, jnmtsand 
curved ixaiions. Due cauikMi Is necessary in inicTtnetuig tlie amiplcx paitcni of unertetmee hinges. 

ft.3.4.5.1’etrography Pcirography is nothing hut clo.scr cxaminaliuii of a thin section of 
ciHKTeie coiv sample takai fnNii (lie siniciiire under a siiiuibleniKTOMxifKv Tins is a destructive type 
of le.sl as aire leunple is to be takai. Howevci, it can give iisclul uiloniuition abisit the medianism 
of conaeic dcUnioraUiin. vi/., leaeliing, siilpliale attack, caiboteiliiHi, etc 

6.3.5. Momliiring the structural respiin.se 

6.3.5.1. VUiruUon uiuilysls: This i.s a non-dcsuiKiive u^chnique which con bo used to monitor 
the dynamic response of the structure. It is possible to arrive at the shlfncss factor for any bridge 
tVxk system pnivided it is possiWc to accurately monitor the vibration response, llic major problem 
lies in esniiiatmg the liiniUunental freqnciicy Mvniihough l«iKsorsiilfne.s.N indircclly iiiiplii^s loss 
ol Hlreiigdi, tlic same need not lx: Uue ui all enses I aiss of .sliengUi can still ik:cui willioul pnxluctng 
any measurable los-s in stiffness. 

6„t.5,2. .Strain analysis- Ixmg-tenn .structural response ol hndges can be evaliiaUxi by 
compiinng Ihe. behaviour ol Die .Mrueuire with static aieilysis. The unpixtanceof any diflinvnccs 
with regaiil to die safety and scrs iceahiliiy of the bridge can lx: as.scs.scd. Surface sUaiiis can he 
rmxiitoicd hy measureineiK of hilaicral displacemciil of attached melal-mark.s ot hiiilt in jxiis by 
defonniHnctcts. Iniaiuii slruins in the bridge slnicture can be monitored by built-in vibrating wire 
gauges. If die total mca.suTcd sliain coiresporids to die ihnwcticaJ strain, die behaviour of suucturc 
can be considered normal. Otherwise, further analysis is carried out to determine die factors 
re.sponsihlc for unexpected strains. 

6 Defies don Mnal)'vis: Siiic'c the limit stale of deflection is one of the design parameters 
innuencmg serviceability of bridge structures, deflection response can be monitored to assess the 
condition of the structure Not much informaiion is available in the lucraturc regarding the inllucnce 
of corrosion of reinforcement or corrosion of prestressing .steel on the dellccUon characicnsUcs. 
C.l-X’Rl has carried out some studies on simply supported reinforced concrete beams and observed 
the corro.sion dcflcction behaviour. lixicnsivc simulation model .studies arc nccc-ssary if such 
relationships arc to be extended to realistic structures 

6J.5.4. Acoustic ciiibisioii technique. Tliismxi-dc.stnKtive technique has generally been used 
as a diagnosdc method for evaluation of crack.s in concrete structures, tvcndiough IIP has suted 
that tlus techniquccan be used for dctccdng the Inilurcs of prestressing strands, no data is available. 
T hough, it is possible to follow pnipagaiion ol crat k.s, mi direct correlation ban been c.stablislK‘d 
with regard lo corrosion a.spccLs. 

6.3.5.5. Optical fibre sensors: Opucal fibres based on hydraulic binders, glass or silica are 
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emhctltlctl in Uic rones where cracks arc mure pnibahle and Uicn Ihe bcliavimir nl siruclurc is 
nuinilorcd by iwu diodes, one liglil etiiilliiij' and anoliicr recuirin)! photo diode, ('racks cun be 
detected by suitable alarm signals No literature informalion is available with regard to die 
application of this technique in prestressed concrete structures. 

A.4. l*roteriiv<> AspM'ts 

TVoleclivc a.spccLs should cover die suuclute as a whole iiichidnig non-prestiessing steel 
Teiiiforceiiients ;nul pRcstiessing steel It .sIuhiIiI alsociHLsiiJer pre-Uaudoned stnidures:is well as p<.vst- 
icitsiiHied stnictuies Overall cost elTccdvcness (cost-hcucfit ratio) is of |iriine iin|xir1ance a|vin friMii 
(irovcti pcifoimancc. From die point of view of quality a.ssurancc and acceptance, cadi protective 
system should be subjected to cerliun .standard acceptance tests before large scale u.se. 

6.4.1. Coallnj; to slotl reinforcement (non-prestre^sln); steel); T hree different types of 
coaiing.s are currcndy being u.sed. 

(ittlvam/ing is amctallic crviting which was initially pn’lcrrcd sintr /me «in give sacnficial 
IHotcciion to sU'ci Tliis was used in few bridge declcs ui I ISA for expeniiiciilatioii ami evaluation 
Based on die pcifonnance datie it lias been uinduded dial galvaui/ing at best can only delay die 
onset oi coirosiun and cannot stop corro.sion R&D investigations carried out at (TKTRI and 
elsewhere slinw that zinc lias a very low tolerance to chloride attack in alkaline rneihuin and at 
sufUciendy high pH, zinc can undergo di.ssoluiion. 

Powder epoxy coating is now increasingly used in USA. UK. .lapan and other counines 
1 o be really ellecuvc. each uiaUng system should pass the accelerated coirosion test tiinprc.ssed 
voltage tc-si), chemical resistance te.sis ;uid other tests specified in ASTM A77S M-84 stamlartLs 
Powder epoxy coadng acts as a barria coaling and hence any defect in the tystcin Is likely to 
proinnic localised corrosion. Bonding strength is anodier aspect which should be corctully 
considered while choosing any powder eptixy system, fhough. this coating Is claimed to give 
saiislactory comtsion proicclion. .severe airrosion ol epoxy coaled rebars in a Honda badge (I ISA) 
has also been reported Increased corm.sioii activity in tenns of potential ha.s also been reporlerl 
in several badge I’ase studies. 

Japanese speciftcalion cautions that powder epoxy coating can undergo degradation on 
exposure to sunlight and recommends storing ol epoxy coated burs under stiade In Hits connection. 
It is worth pointing out tliat no data Is available witli regard to its long-term durability in a tropical 
country, like, India l ew of the powder epoxy systems arc found to have prxir alkali reAisliuicc 

Inhibited luid sealed ccmciilslurry coating is l>cing utilised on a large scale in India. It m 
a package .system which takes into account the Indian field conditions and os an in-situ process, 
this diOers from galvanizing and powder epoxy which are factory proccs.scs. Uxicnsivclong tcrm 
lield inals have proved its pctlormancc and a durability factor ol Z5 has been obhuned even under 
Held exposure at Mandapam, Tamilnadu (one ol the most aggressive sites iii the world) with 
prcaacked and cantilever loaded model slabs This is a pas.siv3ling system unlike galv;ini7.ing or 
epoxy and hcncc hiis a higher loltTancc tow;mls delects Compared to powder epoxy coated rebais, 
g.alvaiiic current flow under iinprc.sscd voltage lest i.s almost negligible in cement slurry cmited 
bar I 'nditrailiing is also nbsitnl In this connection, it is worth pointing out that this inlubilcd 
ceiiieiil sluiry systcin also puvsus die iinprusscd voltage test and chemicaJ icsi.siaiice tescs spccilial 
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m AS IM A775 M-S4 As an in-situ paxrcss. this sysurm shcxild be ai'pbcd to rebars after complelitm 
i>l tn-nding aFwJ*Ju«pmg (iperati(nis In 1 ;k i spenliuUmns lor galvani/mg and powder epoxy coaling 
alw) revotniiiend treaiTiiini ol bars alier lahne^tlion, since lliesc cotilings may get wc^cned at tlic 
Ikmu porlioiLs 

ft.4.2. t ‘oalinu prestresslng slrel emheddrd in prrtenslonrd eoncretet It bos been 
icfatried dial llic eetncnl slurry coating pnividi's :ui excellent hondinc incilintn besides pnitevting 
(lie steel In (lie cum; of c*ixixy sysletn, it bus been re|xined dial IIk- coating by ilself may rxit develop 
bond resistance between strand and concrete and hence it shuld be used widi spraying of gnLs to 
improve bond resistance, (iulvanir ing ol prcsiressing steel is not advisable since any crack in die 
coat ing under tension con lead to hydrogen embriidenumi problem which is more serious in nature, 
itituminous and metallic paints are unreliable.) uston bonded c'poxy coaling appears promising. 
Many researchers have reconimenikd .a coal ol neal ceiiieni slurry to the prc:slres.sing steel allcr 
stressing piiH’e.ss ami hefou! eoiH’reU: is placed 

ft.4..V I’rotecHon of prestrexsingsicfl In post-Ivnsloned coiKTete 

6.4.. t.l. I'emporary prolerllon of preslresslng slcel: I i.se ol water soluble oil orainore 
diitahlc packing has bi-en recommended lor pmtcriioti diinng transit .and storage at site Vapour 
phase inhihilor lets been suggested hoilt lor proleelion diinng transit and storage at site and also 
fiM (einpoi iuy pitUectioii while lying in cable duct. 

f’l CKI’s invcsiigauons have .shown tJut the prc.siressing steel can be effectively protected 
by keeping it immersed in a passivating soluuon while lying in ducu Same melJiodcan he adopted 
lor storing litc colls at site. 

<t.4»3.2.1'rotvclion of cable sheathing. It has lx;en reported dial die CoilveliUoiuil light 
cmiueated metal slieallus can get easily {Hitfoiahal l)y conosioii. BtXJi high dcii.sity ixilyediylene and 
l»lypiopylLnc tubes have been rccoMunendcd. Folypropylcnc Is repc>ricd to be .slightly superior for 
(topical region.s. Ilierc is some controversy about the use of non-metal slicaihing Alternatively, 
mciidlic .sheaths can be proicclcd with cither cement slurry coaung or powder epoxy coating. 

6.4.. t..4.1'rotecllon by uroul I ligli ipialily, ilenM' and impcrvums ivmeni gniiii cxiri providi: 
Milislairtory corrosnxi pnrtectionpnivided die jireNtrirssiiig sli'el Lscuiipleb:lyciica.se<l Cianenl gniiil 
slrould not Contain any comv>ive salts, such as, cliluide, sulpliatc. .sulphide and nitrate. It i.s desirable 
to ii.se an inhibitor adinistua* (T-dRl studies have show n diat a patented inliihilor admixture can 
Iv guile cflcclivc. (»!’(■ will) inhibitor admixture tan thus Ivan clficicnt gnnit maieriul Workabilily 
aids, such as, plasiiciseTS should be Irec Irom corrosive srUls, vir . chloride, sulphttle. sulphide aiul 
niimie 


I poxy or polyester resin based groins liave also been used under s»imc. specific situations 
Hut m general ponland cemeni groul lues been prclerrcd 

In die case ol unbonded tendons, grease with .spirally wound kralt paper has been used In 
many insinnccK, diis sy.sicm appcais to have resnlicd in comtsioii ol tendotLx. I lydropliobic grcitses 
or itiliibiied greases arc preferable for cotio.sioii pnilcvtion of tinlxnided icmioiis. Iiiliibiled 
petroleum jelly cu lilhiuin based greases may he suilabic. 
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6.4.3.4. Aik htiruRv |irolcctloiv AiKitord^c end is the most vulncmblc Kicaiion. Setiltng the 
unchorage with the con ventic<nal type of cement based monar of concrete may not be eltccti ve. Ihe 
following arrangement has been suggested. A specially made covering of rigid me tal or non-metal 
should he rtxcd to the end antliorape w as to rompleti'ly encapwilate the tendon and grips An epoxy 
based bonding agent shoiihl be paintisl on to the sidcj; ol the anctiorage piickct/ii'em and then this 
pocket .should he nitcd with diloridc freeceuient tnixUu or epoxy based cement iiiurlar. 

6.4.4. Surfucx- eouting for concrete: In the lileratuie. many general types of coatings, such 
a.s. epoxy based, coaliar epoxy based, polyurethane based, acrylic resin based, biran re.sin based, 
chlorinated rubber based paints have been suggested tor ptoicction ot concrete surloccs. Surprisingly, 
detailed information about the composition and the actual field pertormance data along with cost 
particulars arc not available for any of the above types. L’vcnlhough polyurethane coatings are 
claimed to be having superior chcmical/wcatticr resistance as a general class, actual studies have 
shown that urethane coating does not have any protective value. Similarly, concrete scalers may 
not have any protective value. 

CliCRl has evolved three acceptance tests for comparing the performance of different 
commercially available piriicctive coatings to concrete. Ilicsc tests arc: (a) precrackod cantilever 
loaded model slab test, (b) ciccuical resistivity measurements on coiUed conaetc. stirfacc, (c) 
adhesion test. Based on these tesw, 10 propriexory systems were evaluated ;miJ the. top pciHinncr 
WHS Identified 

6.4.5. CMtliudic protvcUim: Cathodic protection of leinfoiced bridge decks is lairly cstubibhed 
in USA. It has been accepted as the only fool pixxif technique for rehabilitation ot hndge decks. 
However, a widely acceptable potential criteria has not yet been developed. Bven the NACC 
rccornmcndauon is reported to have resulted in under protection m many bndges 

Id die case of prestre.ssed concrete structures, application of cathodic protection is rather 
couiplicaling. Tliere is controversy regarding the influence of cathodic protection on the hydrogen 
embritdement failure of prestressing steel. Here also potertioi criterion is confusing It is worth 
mentioning that even In IISA, only recently R&D efforts arc being focussed on prcstrus.sed 
concrete structures. 

CFCm lias evolved iLs own protection potential criterion fur reinforced concrete .structures. 
It lias also succe-ssfully ased Titanium Substrate Irevolublc Anodes lor impressed cunent callMxiic 
protection. Large scale experiments ate to be carried out to evolve the most suitable design criteria 
for our field conditions. 

64.6. Protectiun of external cables: 'Ihc comxsion protection oi external prestressmg tendon 
is of critical importance especially due to the presence of permanent tension, abrasion of adjacent 
wires, etc. In fact, external prcstressing is analogous to cable .stay wires Conventional protective 
systems recommended fm bare steel sinielurcs exposed to atmosphere do not satisfy the high 
luneliiiniil leqnireinenlsof external pre.sLre.s.siug aiidcaliles in such siluatiniLs tuive l>ccn piotecled 
by wmpping willi glass fihn: tissue drcnclied in polycdiylcnc tx fxilyurethane- Tlic voids in between 
die w ires shiMilil al.so he filled with die resin. A more claboialc system axes multilayers of gla.ss 
mat and acrylic resin. Tticre is also an opinion that the cable surface should be readily accessible 
for visible impcclion and hence galvanized vrires with on clastoplaslic tiller material should be u.scd. 
ITius. it can be seen that options arc vide open. 
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6.4.7. yMt<rrni«tc nuterlnl r<.ir prcxtrewln); tcrvtoiK: A new matctiol based on polyester yams 
called ‘PARAFIl." or ‘AUMID' appears quile proinimiig. Close packed high sirenglh syniiicuc 
yaniH are comaiticrl in a ilicmioplaslJc sitealli However, these yaius undergo degradation due to 
ultraviolet radiulioii and lose Iheir strength in .strongly alkaline solutions. This uuileiial can als<t 
be used for external piesircssuig. Cila&s filrre leiidoas have also been asedt'or cxianal ]nvMre.s.siiig. 
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7. SCOPE EOR FURTHER RESEARCH 

Gaps in Our Existing KnowIcdRv 

A critical examination of tbc available literature information bas led tu the followin).' 
ohwrvatifvis 

<a) No adequate aiioniinn has been paid to the idkaliniiy vs chloride reUtionship in concrete 

(hi No reliable non-dciitnicUvc technique » available to monittw cotmtion of prestressing steel 

(c) Many of the corrosion atanituini; techniques are yet to be tuned to the uctual field icquimnciibi 

(d) Coating systemx for steel reinfarecmeni are based on powder epoxy or Tine. A pa»iivating type 
cement bA-sed coating may prove to be more economical 

(c) l‘rci(tKssutg slocl requires effective protection at every stage right iram the manufacturing .stage 
upto grouung stage 

(f) No standard accepuitce tests are available ill present to evaluate llie pcrfunnuncc of surfuce 

coating for concrete undet loaded oondition 

(gJ in the ease of existing sinictiires, no foolproof method u available to c.stimalc the residual life 

(h) Repair and rcliubiliiulion measures ate lakcii on an irralional basis because of (g) 

Economlcnl Impact 

Reinforced and presticssed concreu; sinjcturcs are supposed to be mamtcnancc-tfcc. 1 Jesign 
life of bridges in our country is 50 years <min). But actually, deterioration occurs within 10 to 
20 yean. (Jut of niua* Ilian 12(X) hndges, even il 50 per cent of lliein au* to be replaced within 20 
years, cost of replacement may be about 6000 crorea (at K& 10 crores/bridge). Annual loss due tu 
this reduced life from 50 to 20 yean and earlier replacement worics out to Ks IXOcroics. Ilsimilar 
exercise is made on the eniire reinforced concrete structure's, annual lots can be sftown to he quite 
enormous I Icncc, there is an iilmasi need In tackle this problem on war fixiting. 

Since large scale studies arc involved, the input for R&D work in terms of manpower, 
materials, equipment, etc. needs U) he quite subslaniial. In-situ experimental field studies are also 
to be undertaken on .some selected bridges and structures. 

Major R&D Arcus 

The following aspects need immediate attention; 

(1) New Structures 

(«) Iiisinimenlatkdi to monitor corrosion of jrestre.ssing .sioel/rcinfnrcetnent 

(b) Cwt offcvtivc corrusion protection system for presiressing steel and reintorocjnent 

(c) Suitable moUiods of ptutecdoo of reiuTofconeut including epoxy costing lre.iinicnt 

Id) Suitable prolcvUvc t/calracnt of concrete surface including Impregnation sealing and coating 

techniques 

(c) Protection ircuUncnU to prcslrcssing steel against cunvsiijn including VPCI to prevent initial 
cumnnon 
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(0 Efficacy of walct procifing compc^unds, likcc maciic .isphalt and pcrfonncd ihcct resins 


(II) FAlitint'SU-uctunis 


QumBincalion nf cavrnckin rale wnd wlimaiinn of residual life 

Coal cfTociive repair and rehahlliuiion rnc.tsures 

Techniques fee ccetosiun quiinlification u( a later stage 

Vacuum injection and othei methods of grouting of cablesducts containing voids 


K&I) PmpoMils 


Ilic single goal of the whole K&D programme is lo enhance and ensure durability of 
reinforced and presuessed concrete stniciuics exposed to aggresstve environment. 


l-nur proposals (Aiincxunvs I to 4) have been pTe-p.Hrcd taking ininarcinil the four major 
H&D areas mentioncal earlier Time frame is given in ihe fonn of PERT CHART (Figs. 7.1 lo 
74) 


months 


;RT Chart for InslrninentatloB lor Montluriog Cnrroslnn of I’SC and RCC Slructoresi 


MONTHS 

Fig. 7.2. PERT Chart for Corrosion ProtccUun for PrtstrcssinR Steel 
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0 < 12 ie 24 20 2« 

MONTHS 

Pig. 13 . PP^RT Chart for .Slandardkiitiun of Rtpair and Rchahilitatiun Methods 



MONTHS 


Fig. 7.4. PERT Chart for QuaDtincation of Comnion Rale and Estimation of Residual Life for 

PSC and RCC Structures 
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K&n |•HOIH)SAl. N0.1 


Atmexure J 


( >1 ijccti ven/( 

Insinimcnlatiun (o munitur currusion uf pniKtrcssingstccl'rdnfuiccmcnt in bridge 


Tadc 


I. CofTOKion me mcMurcincnt tmed on electned rcxMtancc probe 
2- PJct^trical retuunce meaxuremenu on pne^ircjesing &iecl 
Gamma ndioftraphic examination of ^rderx 

4 Dctlecimn measuremenw wing precision level wnb micmmcter/waier level sysicro 

5. Slope measuremenU luing till mcler 

6. Strain meaKuremenU luing mcchanicalA'ibiating wire xtnm gauftc* 

7. Mcaxurcmeni ol natural frequencies of vibraljons usin^ accckralod and FFT analyser 
K I csting of concrete specimens 

AcUuii Plan for each Tusk 


lime in I'.vcnu 
months 


Task-1 


(a> 

Procuiancni of equipuienis iUkI pnihes 

6 

1-9 

(b) 

Pixlng IVobcK 

f. 

9-11 

(c> 

Me^v-umiicnts 

6 

u-n 

(J) 

Aiulysi^ 

12 

1VI7 

(e) 

Re|wrt 

6 

17-19 

Tink-2 

(a» 

Pfwuremenl of equipment, etc 

fi 

29 

(b) 

Taking out clcclricul cunnecUisi 

3 

9 in 

fc) 

Mcasmncnls 

12 

laid 

(d| 

Analysis 

12 

14-18 

(c) 

kcpnrt 

3 

18-19 

Task-3 

(») 

IV<curcmcnt of gamma radiograpli 

18 

T12 

(b) 

Safety procttuliun & pulluUon c<.silni| procaution 

3 

12-14 

(c) 

Expi^urc of gamma radiograpli at bridge site 

6 

14 16 

Id) 

Aiadysis 


If^lK 

(e) 

Rcpjfi 


18 I'l 

Task4 

lul 

IY<x:uremcnl of equipments, etc. 

6 

•A9 

(b) 

Inslallutiun 

6 

y-ii 

(c) 

Mcaaurctnenis 

12 

11-15 

(d) 

Anulysls 

6 

15-17 

(c) 

Kepurt prepurutiun 

6 

17-19 
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T*Uc-5 

(•> 

PiocuivmctM of equipment, etc. 

A 

A9 

(b) 

InstellHtion 

6 

9^11 

(«) 

Mootraiicnb 

12 

IMS 

(d) 

AmlyiiU 

6 

1517 

(e) 

Kepurt prcvuntliuii 

6 

17 19 


(a) 

ProcuremeiM of equipment, etc. 

6 


(hf 

IiwcUllAtian 

6 

9-11 

(c) 

Meuxunmeou 

12 

IMS 

(d) 

Anatyas 

6 

1517 

(«) 

Report prepuratirm 

6 

17-19 

T«*k-7 

(a) 

IVocvoziait 

6 

7-9 

(b) 

liurtaUaiion 

6 

911 

(c) 

McastecincnU 

12 

11 IS 

(d) 

Analynir 

6 

15-17 

(o) 

Kcpcri prcpnralion 

6 

17.19 

la«k>8 

(*> 

Colloctioa of concrete tpociinciui 

12 

8 11 

(b) 

loixntrry anaiyiiiji 

12 

IMS 

(c) 

Report prcpurataon 

12 

IS-19 
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R&n PROPOSAL NO. 2 


Awaure-2 


Ohjwlivr 

To identify the txjst-effeclivc corrosion protectbn system for prestressing steel and 
tu tn-prcsijcssing steel. 

I'aiik 

1. Cn-icttrcmcnlof chemiuU anti cqni|nncnt.<i 

2. I 'ahneat inn of anchorage h«d 

i StiklicK on tllfl'creni pAKsI vity Kyaicmi htr proiecring prciircutng MmI while lying in cable duct 
<1 llv.-)luMicin of inhibitor admixture for ptriteciing prcstresumg steel during grouting 
S Situlies on corrosion preventive, l.au)ucr cMting which can be removed whenever needctl for 
pivtecling |irc«treiu.ing steel at live nvanufaoturer's end 
ft .Studies on VH wrappers for pKvteciing prestressing steel during storage and transit 

7 Studies on powder epoxy coaling of prestressing steel 

Action Ptnn for ench Ta.sk 


Time in Event 

iivieiihs 


Tusk I 


(a) 

Favurctnent uf chemicals unJ ctpiipnicnts 

3 

1-2 

(h» 

Frcpamlion of piolccUve chemical syticm 

3 

2-3 

TsLiik-2 

Fubricalion of anchorage bed 

6 

1 3 

Taaki 

Study of difTcrent prusivuling systems 

6 

14 

TiiikA 

Protection during gasiting 

lit 

VS 

TaA-5 

Protection during manufacture 

IK 

4-S 

Task-6 

Pruectiun during slixage 

24 

1-S 

Ta>k-7 

Powder epoxy coudng to HTS 

6 

56 

Txsk8 

Report 

6 

6-7 
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R&D PROPOSAL NO. 3 


AniKAtirt‘J 


Objective 

To evolve and standardise cost elective repair and rehabilitation methods. 

TiiidL-1 Procurement of vuiliibic ivpiiir matcnnlit iiiich uk epoxies, polymers, etc. 

T»di-2 SUmJunlistttiou of steps fur icpuir and rebubilitxliun methods 

Tadc-3 Design and ciisling of model specimen for evaluating repair methods 
Tas)c-4 Evolualioo of diflcrcnt systems 
Task-5 Analysing data 
Task-6 Reprt 

Action Plan for each Task 


Hmc in Events 

months 


1ask-1 

fVocurement of matcn.ilh 

6 

1-2 

Txsk2 

Standarduarion sicfK 

(a) Re|>air and rah.«bili(ation of PSC stmeturM 

6 

2-3 


(h) Repair and rehabilitation of RC structures 

A 

2-3 

Task 3 

Design aivd casliag of molds 
(a) Design 

4 

3-4 


(It) Casbiig 

? 

4-S 

Task-* 

EvsiluoLioii of different systems 
(a) For concrete 

3 

5-6 


(b) Fee steel 

3 

5-7 

Task? 

Ditii Ajralysis 
(a) Rn coDcrelc 

9 

6-8 


(b) Fur steel 

9 

78 

Ttt*k-6 

Rcfuft 

3 

8 9 



CORROSION AND CORROSION PROTECTION OF PRESTRESSED 
CONCRETE BRIDGES IN MARINE ENVIRONMENT 


229 


K&l) |•KOIH).SA^ N<).4 


^mexure-4 


Ohjcctivt 

Ouantification of corrosion rale and estimation of residual life in existing PSC and 
RC struct tires. 

T'«!«k 

lA9c I Collection of iUia • iilentifying woitt l.-kiding eondiiiint/lncalinii 
T<isk'2 Designing a (notijtypc m>.x]el iuid tUidyiii)! it!> l<rbuvioui r>eneclioii/vil<n«lioii/Mriun 
Task A nesignitig similaf model wiili tel<ars of Icuisct dia at the vuliictable kic^ilion and studying iu 
IvImviuiB 

Task 4 Designing pototype mcdcl and iiK'ludiiig utcviciated elcctuTcliciiucal conusion Noting the cluuigcs 
in the loud currying cupweity 

Titfk 5 CotTusion survey of on actual bridge using un|>cdurK'c ipcclfosooi>y or any other lccbnii(uc 
Quanlificalioti of cotruDiioii damage 

Task <i Monitoring dcfloction/viliratjoa/sirum of actual bridge and correlating the sumk with the design data 
1'ask-7 Correlation of 5& 6 for connmiation 

Task-K Monitoring for two years (min) and arriving at the progressive reduction m load bearing capacity 
Tadc-0 FjdrapoluUun of results to predict residual life. 

Action I’ian for each Task 


Time in I'.vents 
months 


task 1 

(Alllection o( Dccicn Dais 


1-2 

lask-2 

(a) 

Procurement of cqmpmcnts 

\ 

1-2 


(b) 

Design prototype models 

f. 

2-3 


(e) 

Studying for deflections 

6 

2-1 


(d) 

Stydying for vibration 

6 

2-5 


(c) 

Studying for strain 


2-r. 


(n 

Analysis 

6 

27 

lAsk 1 

(a) 

Pnvuremaii 

6 

1-? 


(b) 

IVsigji prototype model 

6 

3-8 


(c) 

Studying 

6 

S-8 


(d» 

Analysis 

6 

7-8 

livAd 

la) 

Procurement and design of prutoiy^ic model 

IS 

t-8 


<bl 

Fxitcrimcntal analysis 

6 

K-IU 

Task 5 

(a) 

Piocurement of n]uipmctils 

6 

9-10 


(l>> 

(juantificaliim of corrosion rale 

6 

KMl 

1 askO 

(at 

Monilunng 

6 

H-12 


(III 

Aiulyids 

6 

tl-)3 

Taslc-7 

(a) 

MuniUiting 

b 

nn 


(b) 

Analysts 

6 

12-13 





